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Hadron production in semi-inclusive measurements of deep-inelastic lep-
ton nucleon scattering (SIDIS) is one of the most powerful tools to investigate
the hadron structure. Particle IDentification (PID) is essential to study the
processes where inclusive DIS is not able to provide all the information. For
instance to study the role played by the different flavours in SIDIS processes.
In the high momenta regime (p ≥ 20 GeV/c) the Ring Imaging Cherenkov
technique is a unique tool to perform hadron identification in a wide momen-
tum range. In particular in the COMPASS experiment at CERN pion-kaon-
proton identification is obtained thanks to a ≈ 80 m3 C4F10 gaseous radiator
focusing RICH capable of 2σ pi K separation up to 50 GeV/c. The COMPASS
RICH has 5.6 m2 of active photon detector (PD) surface, composed of three
different detection technologies, MultiAnode PMTs (≈1.4m2) in the central
part, gaseous detectors with CsI photocathodes in the peripheral part: Multi-
Wire Proportional Chambers (≈ 2.8 m2) and new photon detectors based on
THick Gaseous Electron Multiplers (THGEMs) and Micromegas covering the
remaining ≈1.4 m2. The first chapters describe SIDIS physics, the COMPASS
spectrometer, the principle of PID and COMPASS PDs. Chapter 5, 6 and 7 of
this thesis will describe and discuss the work have been done by me. Chap-
ter 5 will elaborate the characterization of both the newly installed detector
and the RICH-1 performance. For this purpose a dedicated pion beam data
taking was requested to the COMPASS collaboration and a dedicated trig-
ger was implemented. An illustration of the methodology to obtain the the
number of photons of the newly installed detector, single photon resolution
along with the operating gain and stability will be described together with
the main results. Chapter 6 and 7 describe the study of the non uniform
RICH-1 response, the procedure for curing it and the results obtained after
the final tuning. The analysis of the detector position survey and the correc-
tions of the mirror VUV wall position is described. This thesis presents the
technique developed and adopted to extract the refractive index of the radi-
ator from the data, which greatly reduces the contamination from electrons
and positrons tracks and the consequently improves the RICH-1 PID perfor-
mance. PID is obtained both via Cherenkov ring angle based on χ2 analysis
and using the single photon information in an extended likelihood algorithm
on a track by track basis. A detailed study of the likelihood algorithm and
the consistency with the χ2 analysis are presented. With the updated RICH-1
detector parameters, the performance figure for COMPASS RICH-1 in terms
of PID efficiency and purity is extracted from selected meson decays. The re-
sult of this work is also an essential element for the extraction of DIS hadron
multiplicities, namely the differential cross section for identified hadron pro-
duction normalised to the differential inclusive DIS cross section.
vii
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1Chapter 1
The Structure of the nucleon
1.1 Introduction
A complete understanding of the spin structure of the nucleon is not yet
achieved. The intriguing interest of understanding the internal structure of
the nucleon started from the outcome of the measurement of the anomalous
magnetic moment κp of the proton made in 1933. It was found that κp ' 1.79
µB [1], where µB is the Bohr proton magneton. This surprising result sug-
gested that the proton is not a Dirac particle, and it has an internal structure.
Lepton proton scattering provides a powerful tool to probe into the nucleon
structure. At low energies the scattering is dominantly elastic, namely the
virtual photon coherently interacts with the proton as a whole. This leads
to the global properties of the proton. For instance, the charged radius of
proton. However, at higher energies the dominant scattering process is in-
elastic, where the proton breaks up, and the underlying process is elastic
scattering of the lepton with the spin12 quarks of the proton. Our current
understanding is therefore the following, at higher energies the lepton scat-
ters with spin12 quarks, the quarks interact among themselves by exchange
of mass-less spin 1 coloured bosons: gluons. The strong interaction of the
partons is described by Quantum Chromodynamics (QCD). The finite size
of the proton is responsible for the rapid decrease in the elastic cross-section
with energies for lepton-proton scattering process. The idea of this scattering
method dates back to 1911. In Rutherford’s experiment [2] alpha particles
were scattered onto a few atoms thick gold foil, to understand the structure
of atoms. The result of this scattering experiment suggested that the positive
charge of the atom is concentrated as a point at the centre of the atom. In the
50s the idea to use the high energetic electrons to probe the nucleus structure
was developed by Hofstadter [3]. The technological advancements during
years allowed physicists to accelerate electrons more and more in order to
achieve higher collision energies and hence to probe deeper into the nucleus
target. In the late 60s, SLAC and MIT made a joint venture to investigate
the electromagnetic structure and interactions of the proton [4, 5]. The elastic
lepton-proton differential cross-section can be written as [6]:
dσ
dW
=
α2
4E21 sin
4(θ/2)
E3
E1
G2E + τG2M
1+ τ
cos2
θ
2
+ 2τG2M sin
2 θ
2

(1.1)
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where E1 and E3 are the energy of the initial and final state leptons respec-
tively and θ is the scattered lepton angle. If the 4-momentum squared of the
virtual photon is defined as q2, then τ = Q
2
4.M2P
,where Q2 = −q2 and MP is
the mass of the proton. The finite size of the proton is accounted by the in-
troduction of the form factors. The form factors describe the electric charge
distribution (GE) of the proton and the magnetic moment distribution (GM)
within the proton.
The inelastic scattering requires new kinematic variables for full descrip-
tion. As was the case for the elastic scattering, Q2 is the negative 4-momentum
squared. For the fixed target lepton-proton scattering processes the 4-momenta
of the incoming and the scattered leptons are explicitly written as P1=(E1, 0, 0, p1),
P3=(E3, p1 sin θ, 0, p1 cos θ), in the proton rest frame. Then, Q2 = −(P1 − P3)2
≈ 4E1E3 sin2 θ2 . Bjorken introduced [7] the Lorentz invariant kinematic vari-
able (x) to describe the inelastic scattering.
FIGURE 1.1: Feynman Diagram of Deep Inelastic scattering
x =
Q2
2 · P2 · q (1.2)
P2 is the 4-momentum of the proton. In the proton rest frame it can be written
as: (MP, 0, 0, 0). If the unidentified final state has an invariant mass W, then
equation 1.2 can be written as
x =
Q2
Q2 + W2 − M2P
(1.3)
The invariant mass of the final state hadronic system is always greater than
the proton rest mass, as the proton is the lightest baryon, therefore for Q2 ≥ 0
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the equation 1.3 implies 0 ≤ x ≤ 1. This new variable has an important
physical meaning: it describes the "elasticity " of a scattering process, x = 1
corresponding to the elastic process. Another Lorentz invariant variable is
used to describe the inelasticity of the process: y = P2·qP2·P1 . In the proton rest
frame y = MP(E1−E3)MP.E1 = νE1, where ν is defined as the energy lost by the
incoming lepton: ν = E1 − E3.
The equation 1.1, known as Rosenbluth formula, can be generalised to the
inelastic process. With the newly defined variables the cross-section can be
rewritten in terms of the structure functions F1 and F2:
dσ
dx.dQ2
=
4piα2
Q4
F2(x, Q2)
x
(1− y− M
2
py2
Q2
) + y2F1(x, Q2)

(1.4)
The structure functions are fundamentally different from the form factors.
Their dependence on both x and Q2 does not allow interpreting these func-
tions as the Fourier transformations of the proton charge or magnetic mo-
ment distributions. The first systematic measurements of the structure func-
tions were performed at SLAC: electrons of energies between 7 and 17 GeV
impinged on a liquid hydrogen target. A movable magnetic spectrometer
was used to measure the scattering angle of the electron and the momen-
tum of the final state electron. The resulted data suggested two interesting
points. Firstly, the two structure functions F1(x, Q2) and F2(x, Q2) are al-
most independent of Q2. Secondly, in the deep inelastic scattering region,
viz. Q2 > few GeV2, the structure functions are not independent. They sat-
isfy the Callan-Gross relation [8]: F2(x, Q2) = 2xF1(x, Q2). In figure 1.2 we
see the experimental determination of the ratios of the structure functions as
a function of x. These observations suggest that the virtual photon (γ∗, in fig-
ure 1.1) interacts with spin12 Dirac like particles [9]. If the interaction would
have taken place with spin-less particles, the Callan-Gross ratio would have
been expected to be zero.
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FIGURE 1.2: Measurement of the Callan-Gross ratio as a func-
tion of Bjorken x. The data was taken at SLAC.
1.1.1 The quark-parton model
In the 1950s and 60s a set of new particles was discovered. M. Gell-Mann and
Y. Neeman showed that these particles can be grouped in octets (mesons and
baryons) or decuplets (hyperons) as a representation of a SU(3) symmetry
group. Nevertheless, it was hard to believe that all of them were elementary
particles and the simplest representation of this group, viz. a triplet was not
realised in nature.
Therefore, to describe the "particle zoo" of hadrons in terms of SU(3) rep-
resentations, Gell-Mann and Zweig [10, 11, 12] proposed that hadrons have
substructure with spin12 , point-like charged particles: mesons are bound quark
anti-quark systems and baryons are bound three quark systems. Gell-Mann
called these ’constituent’ particles quarks. This assumption implied attribut-
ing strange features to the constituent quarks. Their charges are fractional
and they violate the spin-statistics of spin12 particles. The puzzle was re-
solved by the introduction of the new quantum number: colour [13].
To describe the results of the SLAC experiment Feynman proposed that
the proton has a substructure. He called the substructure elements partons
[14], keeping an open possibility to have partons other than quarks. He pos-
tulated that in the SLAC experiment the electrons inelastically scattered with
point-like charged partons.
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By combining the quark model and the parton model one obtains the quark
parton model (QPM).
In this model the underlying idea is that the parent proton is in a frame
where its energy is very high. In that regime, E  MP, the mass can be
neglected and the frame is called infinite momentum frame. The four mo-
mentum is written conventionally as, Pµ = (P, 0T, P), the parent proton
has no transverse momentum component. If the parent proton moves in
the Z direction with momentum Pz, then the partons will have momentum,
k = ξ · Pz + kT. In the frame where Pz → ¥, the transverse momentum
of the partons can be ignored. The invariant mass of the struck quark after
absorbing the virtual photon of momentum q is :
(ξ · Pz + q)2 = ξ2P2z + 2ξPzq + q2 = m2q; (1.5)
Neglecting quark mass and ξ2.P2z , from equation 1.5 we can identify ξ as the
kinematic variable x (sometimes written as xB, named after Bjorken). Physi-
cally x describes the fraction of the proton momentum carried by the struck
quark. The partons in general will have a momentum distribution. If fi(x)
is the distribution function for a specific flavour i (up,down etc.), then this
distribution represents the probability to find a quark of type i with a mo-
mentum fraction x of the parent proton in this frame. This distribution is
called parton distribution function(PDF). According to the QPM, this distri-
bution can be written in the following form [15]:
d2σ
dQ2dx
=å
i
fi(x)
 d2σ
dQ2dx

i
(1.6)
Where the sum is taken over all flavours. The left hand side is the measured
deep inelastic scattering cross section, mentioned in equation 1.4. The PDF
( fi) signifies the number density of partons with fractional momentum x of
the parent proton.
A field theoretical description was developed to describe the dynamics
of the strong interaction in analogy to Quantum ElectroDynamics (QED),
known as Quantum ChromoDynamics (QCD). According to QCD in the high
x regime the partons are ascribed as the valance quarks. Similar to fluctua-
tions of photons into electron-positron pairs in quantum electrodynamics,
quark antiquark pairs can also be generated from the QCD vector bosons
fluctuations, the gluons. These pair-produced charged partons are called sea
quarks. Unlike photons, gluons have colour charges. The presence of colour
helps solving the spin statistics puzzle. From the field theoretical approach,
the lepton nucleon interaction cross-section via single photon exchange can
be written in the tensor form:
dσ ∼ LeµνWµν (1.7)
where Wµν is the hadronic tensor and Lµν is the leptonic tensor. It is known
that the tensor can be split into symmetric and anti-symmetric parts, where
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for the hadronic tensor, the anti-symmetric part contains the spin information
of the target nucleon. At the interaction vertex taking into account that the
current is conserved and any parity violating component is not present then
the symmetric part can be written in terms of two structure functions [12]:
1
2MP
(Wµν)sym = W1

− gµν + q
µqν
q2

+W2
1
M2

Pµ − P.q
q2qµ

Pν − P · q
q2
qν

(1.8)
and the anti-symmetric part is expressed in terms of two new, spin depen-
dent, structure functions:
1
MP
(Wµν)asym(S, P, q) = eµναβqα

MPSβG1 + [(P · q)Sβ− (S · q)Pβ] G2Mp

(1.9)
the polarisation vector is defined as Sµ. If the cross-section is averaged over
the spin states of an unpolarised proton then the anti-symmetric tensor term
does not contribute to the cross-section. The unpolarised structure functions
(W1 and W2) are another representation of the structure function F1(x, Q2)
and F2(x, Q2). If the spin information is not summed over, then the cross-
section explicitly depends on the spin dependent structure functions.
The difference of the inclusive cross-sections for the lepton and the target
nucleon polarised longitudinally along and opposite to the direction of the
lepton beam, is given by:
d2Dσ
dxdQ2
=
16piαy
Q4

1− y
2
− 4M
2xy2
Q2

g1 − 4M
2xy
2
g2

(1.10)
where Dσ = σ→⇐ − σ→⇒ and the two spin dependent structure functions are
g1 and g2. In the equation the single arrow represents the polarisation of
the partons and the reversal of the nuclear spin is indicated with the dou-
ble arrow. In the QPM the assumption is parton and proton mass are neg-
ligible and the electron scatters incoherently with the partons which do not
interact among themselves. The structure functions F1(x, Q2), F2(x, Q2) and
g1(x, Q2) can be described in QPM. While g2(x, Q2) can not be described in
the naive parton model, and its value is assumed to be zero. The g2(x, Q2)
contains information about the quark-gluon interaction [16]. The expression
of g2(x, Q2) is written in the following way in its twist expansion: g2(x, Q2) =
gWW(x, Q2) + g˜2(x, Q2). The term gWW(x, Q2) is known as the Wandzura-
Wikczek term [17]. In the leading twist approximation gWW(x, Q2) can be
fully expressed in terms of g1(x, Q2).
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1.1.2 Parton model in QCD
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FIGURE 1.3: The structure function FP2 measured at fixed target
experiments using electrons and measured at collider experi-
ments. The measurements are shown with an offset depending
on the Bjorken-x bin [18].
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FIGURE 1.4: Evolution of strong coupling constant αs with Q2
[18].
Figure 1.3 shows the structure function F2 as a function of Q2 for different
x ranges. We can see that for 0.01 < x < 0.5 the measurements extended
up to Q2 = 2× 104GeV2 and almost no dependence on Q2 is observed. In
this range we can conclude that the quarks are point-like and the observa-
tion is consistent with Bjorken scaling. If the quarks were composite, virtual
photons of wavelength (λ ∼ hc/ | Q |) comparable to the size of quark,
would show deviations from Bjorken scaling. The observed scaling consis-
tency therefore implies that quarks must have radius less than 0.001 f m [13,
12, 19].
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FIGURE 1.5: Resolution of the virtual photon probe at different
Q2, at large Q2 we become sensitive to the gluon radiation made
by the quark.
The QCD predicts a dependence of the strong coupling constant αs with
Q2, which has been experimentally verified as shown in figure 1.4.
Nevertheless, the data suggests that at very high (low) values of x, the
structure functions decreased (increased) with large values of Q2. Physically
we can interpret this observation as follows: at high value of Q2 there is a
presence of large fraction of charged partons with low value of x. This ’scal-
ing violation’ is calculable in QCD [20, 13]. At low Q2 the length scale corre-
sponding to the wavelength of the virtual photon does not allow to resolve
any spatial sub-structure. However, at higher value of Q2 it is possible to
resolve the the finer detail. In this case, the deep inelastic scattering is sen-
sitive to the quark radiating virtual gluons, q → qg process at small scale.
Consequently, at high Q2 more low x partons are "seen", figure 1.5 depicts
the underlying concept.
1.2 Spin dependent deep inelastic scattering
The spin dependent deep inelastic scattering reveals information about the
spin orientation of the quarks and gluons inside the proton (or nucleon in
general). Contrary to unpolarised DIS spin dependent DIS access informa-
tion on the polarisation of the partons inside the nucleon. The cross-section in
equation 1.10 allows to extract the helicity of the quarks in a longitudinally
polarised nucleon. Similarly, we can form another equation with different
combination of the g1 and g2 for the cross-section of DIS on transversely po-
larised nucleons [21].
1.3 Semi inclusive deep inelastic scattering
Information obtained from the deep inelastic scattering is limited. The semi
inclusive deep inelastic scattering (SIDIS) is a sensitive tool to access quan-
tities like transversity and transverse momentum dependent PDFs, where
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Transversity is the probability distribution of transversely polarised quark in
a transversely polarised nucleon. Unlike the helicity distribution function,
transversity is chirally odd, which restricts its appearance in the handbag di-
agram of inclusive DIS. To access this observable directly, the chirality must
be flipped twice. Therefore hadrons states are needed for both initial and
final state. In the SIDIS method a leading hadron is detected in coincidence
with the scattered muon. In this framework another invariant variable is de-
fined, representing the fractional energy of the hadrons:
z =
P · ph
P · q = (
Eh
ν
)lab (1.11)
The SIDIS cross-section can be written in the leading order as:
d3σ
dxdydz
=
8piα2ME
Q4

xy2H1(x, Q2, z) + (1− y)H1(x, Q2, z)

(1.12)
The structure functions H1 and H2 can be interpreted in terms of standard
dimensionless F1 and F2, according to Mulders and Levelt [22]. The relation-
ship is the following:
< nh(x) > F1(x) =
Z
dzH1(x, z)
< nh(x) > F2(x) =
Z
dzH2(x, z)
(1.13)
< nh(x) > is the average number of hadrons h produced with Bjorken x.
1.3.1 SIDIS in quark parton model : Factorization
The cross-section of the SIDIS can be realised as a convolution of three inde-
pendent processes. 1. The soft part q(x)s are the PDFs. 2. The hard process σq
is the cross-section of the absorption of the virtual photon by the quark q and
3. the soft part Dhq(z), describes the probability that a quark q fragments into
a hadron h with fractional energy z. In this factorization ansatz process 1.
and 3. are non perturbative and 2. is a perturbative term. The structure func-
tion described in equation 1.13 contains the information of the struck quark.
The fragmentation function (FF) contains the information on the generation
of a hadron type of h from the quark of flavour q. The spin averaged SIDIS
cross section can be written at the leading order as:
d3σ
dxdydz
=
8piα2ME
Q2

1
2
y2 + (1− y− y
2γ2
4
)

×å
q
e2qq(x)D
h
q(z) (1.14)
The extraction of FFs can also be done from e+e− and hadron-hadron col-
lision. However, the SIDIS allows to access fragmentation function sepa-
rately for quark and antiquarks along with the parton kinematics. Despite
1.3. Semi inclusive deep inelastic scattering 11
the fact that the theoretical description of the e+e− annihilation has been ob-
tained up to NNLO order and it is so far the cleanest process, without in-
voking model-dependent algorithms for quark-flavour tagging only limited
flavour separation is possible. Kniehl, Kramer and Pötter tested experimen-
tally that the fragmentation function is universal [23]. Different models have
been developed to describe how quarks confine together to make a hadron.
Lund String model describes the hadron production by creation of qq¯ pro-
duction.The model predicts that in addition to the particle jets formed along
the original paths of two separating quarks, there will be a spray of hadrons
produced between the jets by the string itself, which is precisely what is ob-
served at colliders. The fragmentation functions extracted from e+e− data
showed their dependence with Q2. In figure 1.6 the dependence on Q2 of the
Fragmentation Functions extracted from e+e− data is shown.
FIGURE 1.6: The e+e− fragmentation function for all particles
versus x for different
√
s which has same meaning of Q2 is
shown in the left, in the right the fragmentation function ver-
sus
√
s for different x [18].
This behavior is similar to the PDF one. The Q2 evolution of the FFs can
also be described by the DGLAP [20, 24, 25] evolution equation.
dDhq(z, Q2)
dlnQ2
=
αs(Q2)
2pi ∑
∫ 1
x
(Pqj(z/ξ, αs(Q2))Dhq(ξ, Q
2))
dξ
ξ
(1.15)
For each hadron species h, one FF can describe its relation to one quark
flavour q. Considering only light quarks, we therefore have 12 FFs for pos-
itive and negative hadrons. Aiding to the QCD improved parton model,
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isospin symmetry or charge conjugation reduces the number of independent
FFs. Based on the fact that quarks are valance or sea, the FFs can be grouped
as favoured or unfavoured respectively.
1.3.2 Accessing the Fragmentation Function
The FFs can be accessed by means of hadron multiplicities [26]. Hadron mul-
tiplicities is the number of hadrons produced per DIS events [27]. At LO the
multiplicities are not complex convolutions of the PDFs and FFs, but simple
products weighted by the square of the quark electric charge.
Mh(x, Q2, z) =
dσlN→l′hX
dσlN→l′Xdz
=
dσh/dxdQ2dz
dσDISdxdQ2dz
Mh(x, Q2, z) =
åq e2qq(x, Q2)Dhq(z, Q2)
åq e2qq(x, Q2)
(1.16)
By measuring the Mh(x, Q2, z) for positive and negative identified hadrons
one can distinguish bewteen Dhq and Dhq¯ [28].
1.4 Experimental studies of nucleon structure: con-
tribution of the COMPASS Experiment
Pioneering experiments on the spin structure of the nucleon performed in
the seventies at SLAC were followed by the EMC experiment at CERN which
obtained a surprisingly small value for the singlet axial charge, usually inter-
preted as the quark spin contribution to the nucleon spin. This observation
challenged the naive expectation that the spin of the nucleon is built mainly
from valence quark spins. This result triggered extensive studies of the spin
structure of the nucleon in polarised lepton nucleon scattering experiments at
CERN by the SMC and COMPASS, at SLAC, at DESY and at JLAB as well as
in polarised proton–proton collisions at RHIC. The COMPASS Experiment,
described in chapter 2, has contributed largely for experimental studies of
the nucleon structure. COMPASS performed SIDIS experiments to reveal the
details of the quark-gluon structure of the nucleon, in particular the gluon
polarisation and the quark transversity distributions. Using the naturally
polarised muon beam and longitudinally polarised targets COMPASS has
extracted the flavour separated helicity distributions, where n, the double
spin asymmetries for hadrons h produced in the current fragmentation re-
gion has been extracted as a function of x [29], which is shown in figure 1.7.
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FIGURE 1.7: Comparison of final asymmetries [29] of COM-
PASS as a function of x with results of HERMES. Bands at bot-
tom of graphs represent systematic uncertainties. Solid mark-
ers and bands correspond to COMPASS data. Open markers
and bands are taken from the HERMES publication.
These measurements are used in combination with the inclusive asym-
metries to evaluate the polarised valence, non-strange sea and strange quark
distributions. Figure 1.8 shows the extraction of strange quark spin distribu-
tion x∆s(x) at Q2 = (3GeV/c)2 derived from the charged kaon asymmetry
AK
++K−
1,d using DSS FFs and from A1,d.
FIGURE 1.8: The strange quark spin distribution x∆s(x) at
Q2 = (3GeV/c)2 derived from the charged kaon asymmetry
AK
++K−
1,d using DSS FFs and from A1,d, compared to the result of
the corresponding least square fit. The quoted errors are statis-
tical only [29].
Apart from the quarks, the gluon polarisation has been measured assum-
ing the open-charm production is dominated by the photon-gluon-fusion
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(PGF) mechanism yielding a cc¯ pair which fragments mainly into D mesons
and also by high-pT hadron pair production, where pT is the transverse mo-
mentum of the produced hadron.
The measurement of the < Dg/g > by open charm mechanism is much
less model dependent compared to high-pT hadron pair production, and
both results has been found compatible to each other [30]. The results of
< Dg/g >x extracted from open charm mechanism and its comparison with
other method, namely high-pT hadron pair production, done at COMPASS
and elsewhere is shown in figure 1.9.
FIGURE 1.9: COMPASS extracted results of < Dg/g > in differ-
ent methods as a function of x and its comparison with different
experiments [30].
COMPASS has extracted the Collins and Sivers asymmetries both from
transversely polarised proton [31] and transversely polarised deuterium tar-
gets [32]. These results are essential ingredients to have a complete under-
standing of the structure of the nucleon twist two level, where the transverse
spin distributions DTq(x) must be added to the better known spin-average
distributions q(x) and to the helicity distributions Dq(x). The transversity
distribution is difficult to measure in inclusive Deep Inelastic scattering, due
to the chiral odd nature of transversity. A convolution of this chirally odd
transversity to a chirally odd FF could allow us extract the transversity from
a measurable single spin asymmetry. The asymmetry arises due to the com-
bined effect of the DTq(x) and the chirally odd FF. At leading twist, the ex-
istence of such a naively T-odd FF arising from final state interaction effects,
was predicted by Collins [33]. Figure 1.10 shows the Collins asymmetries for
charged pions (top), charged kaons (middle) and neutral kaons (bottom) on
transversely polarised proton as a function of kinematic variables x, z and phT
measured by COMPASS.
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FIGURE 1.10: The Collins asymmetries for charged pions (top),
charged kaons (middle) and neutral kaons (bottom) on proton
as a function of kinematic variables x, z and phT [31].
The same asymmetry has been studied with transversely polarised 6LiD
target as a function of kinematic variables x, z and phT, the results are shown
in figure 1.11.
FIGURE 1.11: The Collins asymmetries for charged pions (top),
charged kaons (middle) and neutral kaons (bottom) on 6LiD as
a function of kinematic variables x, z and phT [32].
An entirely different mechanism was suggested by Sivers [34] as a possi-
ble cause of the transverse spin effects observed in pp scattering. This mech-
anism could also be responsible for a spin asymmetry in the cross-section
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of SIDIS of leptons off transversely polarised nucleons. COMPASS has ex-
tracted the Sivers asymmetry as a function of the kinematic variables x, z
and phT using transversely polarised proton and transversely polarised
6LiD
target. The results are shown in figures 1.12 and 1.13 respectively.
FIGURE 1.12: Sivers asymmetry against x, z and phT for trans-
versely polarised proton data [31].
FIGURE 1.13: Sivers asymmetry against x, z and phT for trans-
versely polarised 6LiD data [32].
The years 2008 and 2009 were dedicated to hadron spectroscopy [35].
Pion and proton beams were bombarded on hydrogen and nuclear targets
to explore subtle details of light-meson spectrum. The pion polarisability
[36] using Primakoff scattering of pions from heavy nuclei was also studied
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in 2009. During the phase-II of COMPASS the transverse and 3D structure
of nucleons are studied in detail by means of Deeply Virtual Compton scat-
tering (DVCS), Hard Exclusive Meson Production (HEMP) [37], SIDIS and
polarised Drell-Yan (DY) reactions. The first-ever polarised Drell-Yan mea-
surement [38] with a beam of negative pions and a polarised proton target
was successfully performed in 2015 and the data taking was resumed in 2018.
The years 2016 and 2017 were dedicated to DVCS measurement and simul-
taneously data on HEMP and SIDIS were collected.
In recent years COMPASS reported results on charged-hadron, pion and kaon
multiplicities obtained over a wide kinematic range [39]. Figure 1.14 shows
the x-Q2 range of the selected DIS events in COMPASS experiment. The ex-
tracted results for the pion multiplicities as a function of z for 9 different x
bins can be seen in figure 1.15 where the positive pions are represented by
closed circles and negative pions are represented by open circles. The data
shown had been collected by impinging naturally polarised muon beam on
an isoscalar target, namely 6LiD.
FIGURE 1.14: (x, Q2) range of the selected DIS sample [39].
FIGURE 1.15: Positive (closed) and negative (open) pion multi-
plicities versus z for nine x bins. The bands correspond to the
total systematic uncertainties [39].
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These results provide important input for phenomenological analyses of
FFs. The pion multiplicities were found to be well described both in leading-
order (LO) and next-to-leading order (NLO) pQCD, while this was not the
case for kaon multiplicities. The region of large z appears to be particularly
problematic for kaons, as it was also observed in subsequent analyses of the
COMPASS multiplicities. Here, z denotes the fraction of the virtual-photon
energy carried by the produced hadron in the target rest frame.
Not only the aforesaid measurements but also COMPASS has published re-
sults on the K− over K+ multiplicity ratio in the large-z region, i.e. for z >
0.75. Moreover, instead of studying multiplicities for K− over K+ separately,
their ratio RK is analysed as in this case most experimental systematic effects
cancel. Similarly, the impact of theoretical uncertainties, e.g. scale uncertain-
ties, is largely reduced in the ratio. Also, while pQCD cannot predict values
of multiplicities, limits for certain multiplicity ratios can be predicted [40].
The extracted and published result of COMPASS can be seen in figure 1.16.
FIGURE 1.16: The K− over K+ multiplicity ratio as a function of
ν in bins of z, shown for the first bin in x. The systematic uncer-
tainties of the data points are indicated by the shaded band at
the bottom of each panel. The shaded bands around the (N)LO
lower limits indicate their uncertainties [40].
For 2021 after long shut-down 2, further measurements of SIDIS off trans-
versely polarised deuterons are approved. A rich program of future measure-
ments is proposed by the COMPASS++/AMBER Collaboration, starting with
a precise measurement of the proton charge radius [41] in 2022 and 2023.
Similar to the many other studies where the knowledge of the final state
hadrons are essential (e.g. flavour seperated helicity distribution, gluon po-
larisation via open charm mechanism, Collins and Siveres asymmetry, meson
spectroscopy etc.) the extraction of the identified hadron multiplicities an
efficient particle identification is mandatory. In COMPASS Experiment the
particle identification (PID) is done by using the RICH detector, described
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in detailed in chapter 3. The current particle identification procedure is de-
pended on a likelihood function, which is based upon the number and dis-
tribution of the photons that are detected by the photon detectors of three
different technologies mounted on the RICH and the detected photons are
associated to a charged particle trajectory. The likelihood values are calcu-
lated by comparing the reconstructed Cherenkov angle for each photon with
the one expected for different mass hypotheses (pi, K, proton), taking the dis-
tribution of background photons into account. The mass is assigned to the
detected hadron choosing the hypothesis with the maximum likelihood. In
order to improve the separation between the different mass hypotheses and
thus the sample purity, constraints are imposed on the ratios of the maxi-
mum over the other likelihood values. The purity of the identified hadron
samples depends on the probabilities of correct identification and misidenti-
fication. The true hadron yields Ntrue are obtained by applying an unfolding
algorithm to the measured hadron yields Nmeas:
Nitrue = åj(P)
−1
ij N
j
meas
The RICH PID matrix P contains as diagonal elements the efficiencies and as
off-diagonal elements the misidentification probabilities.
Summarising, the structure of the nucleon can be probed efficiently by
deep inelastic scattering. The semi inclusive deep inelastic scattering allows
to access further information of the quark distribution inside the proton and
also allows us to access the fragmentation function, which is an universal
quantity describing the hadronisation of the quarks.
In the kinematic range of the COMPASS Experiment at CERN SPS, SIDIS
measurements allow to extract pion, proton and kaon multiplicities, the kaon
ones allow to gain insight the hadronisation of the s and s¯ quark too.
COMPASS has taken data in 2016 and 2017 with an unpolarised proton tar-
get, the identified pions and kaons allow us to measure the pion and kaon
multiplicities and to access the related fragmentation functions. The pions
are copiously produced compared to the kaon, therefore, efficient separa-
tion between pion and kaon is mandatory for the measurement of multiplic-
ities of identified hadrons. An efficient particle identification is thus manda-
tory. The core of the particle identification is based on a likelihood function,
which is based upon the number and distribution of photons that are de-
tected by the photon detectors of the RICH and the photons are associated
to a charged particle trajectory. Therefore the efficient performance of the
COMPASS RICH photon detection system is uncompromising.
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Chapter 2
The COMPASS experiment at
CERN
2.1 Introduction
COMPASS [42, 43] is a high-energy physics experiment, collaborated by 200
physicists from 13 countries and 25 institutions, at the Super Proton Syn-
chrotron (SPS) of CERN in Geneva, Switzerland aimed to study the hadron
structure and perform hadron spectroscopy using high intensity muon and
hadron beams. It consists a two stage spectrometer, the stages being deter-
mined by two spectrometer magnets. Both stages are equipped with many
layers of trackers, electromagnetic and hadronic calorimeters, muon identifi-
cation systems. The first stage of the spectrometer hosts a 3.3m long gaseous
Ring Imaging Cherenkov counter for hadron identification. The layout of the
spectrometer is presented in figure 2.1.
2.2 Spectrometer for SIDIS physics
FIGURE 2.1: Layout of the COMPASS spectrometer
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2.2.1 Beam
The lepton nucleon scattering program at high
√
s provides more informa-
tion about the structure of the nucleon. COMPASS uses muon beams with
momenta of 100, 160 and 190 GeV/c, produced from the decay of the pions,
and hence naturally polarised. The schematic of the CERN M2 beam-line is
shown in figure 2.2.
A detailed description of the M2 beam line can be found elsewhere [44,
45]. Currently SPS beam can be tuned to have positive beam of muons upto
190 GeV/c or high intensity hadron beams (mainly proton and pion, positive
and negative) up to 280 GeV/c. Negative muon beams are available with
lower intensity. Low-energy tertiary electron beams are used for calibration
purposes. Fully computer controlled systems provide a relatively easy and
fast way to change the beam modes.
FIGURE 2.2: Schematic view of the CERN M2 beam line. Taken
from [43]
Proton beam of nominal flux 1.2× 1013 per SPS cycle during 4.8 s long
spills at momentum 400 GeV/c are extracted from CERN SPS, to generate
muon beam with intensities and momentum required for COMPASS. The
proton beam is impinged on a 500 mm Beryllium target (T6 target) and gen-
erated pions are selected using 6 acceptance quadrupoles and 3 dipoles. The
pions have momenta within±10% around the nominal momenta 225 GeV/c.
They are also within a geometrical acceptance of 3 µsr. The pion flux has a
3.6% contamination from kaons. The pions are allowed to travel 650 m chan-
nel of regularly alternating focusing and defocusing quadrupoles. At this
phase the pions are decayed into muons and neutrinos. The parity violat-
ing decay of pions ensures that the muons are naturally polarised. However,
the muons are then filtered by focusing and the hadrons are absorbed by 9
motorised modules of 1.1 m long Beryllium. Beryllium is a low Z material.
Hence, the multiple scattering will be much less compared to high density
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materials. The absorbers are inside the apertures of three dipole magnets in
series providing a 4.8 mrad of deflection by each. A fourth dipole adding
another 9.6 mrad of deflection, resulting a total of 24 mrad of deflection, in
order to obtain a good momentum separation. The accepted muon beams
are cleaned and momentum is selected by two horizontal and three vertical
magnetic collimators. Furthermore,these skimming muons are allowed to
pass another 250 m long FODO channel.Before getting impinged to the COM-
PASS target the muons are finally bent by three 5 m long dipole magnets,
surrounded by 4 hodoscopes and 2 scintillating fibers planes for momentum
measurement. The muon momentum is chosen to be around 90 − 94% of
the hadron momentum, in order to provide best compromise between flux
and polarisation. The schematics of the beam monitoring station is given in
figure 2.3
FIGURE 2.3: Schematic of Beam Monitoring Station
The polarisation of the muon decaying from a hadron h at the hadron rest
frame can be expressed in terms of ratio of the muon and the hadron energy.
Pµ± = ∓
m2pi + (1− 2 EpiEµ )m2µ
m2pi −m2µ
(2.1)
The definition of the symbols are the following:
• Eµ = Energy of muon.
• Epi = Energy of pion.
• mpi = Mass of pion.
• mµ = Mass of muon.
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FIGURE 2.4: Polarisation of muons versus energy ratio of muon
and the parent hadron. The red curve corresponds to the
kaons and the blue curve corresponds to the pions decayed into
muons.
In figure 2.4 we see the dependency of the muon polarisation with the ratio
of the Eµ/Eh. The blue line corresponds for the pions and the red lines corre-
sponds to the kaons decayed into muons. High positive muon polarisation is
obtained for Eµ/Epi ∼ 0.6 and high negative muon polarization is obtained
for Eµ/Epi ∼ 1. In the first case the muons generated from the kaon decays
are polarised in the opposite direction with respect to the pion ones. This
condition degrades the muon polarisation. The best option is to take situa-
tion similar to Eµ/Eh ∼ 1. The statistical factor of merit allows COMPASS to
use the muons with momentum 160 GeV/c coming from decaying pions of
momentum 172 GeV/c shown in figure 2.5.
FIGURE 2.5: Left: The dependency of the beam flux with muon
momentum. Right: The dependency of muon polarisation with
muon momentum. Taken from [42]
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2.2.2 Target
To extract the transverse momentum dependent parton distribution func-
tions, COMPASS has mostly used a large polarised target, which is unique
in the world. The description of the polarised target can be found elsewhere
[46, 47]. For 2016 and 2017 a 2.5 m long liquid hydrogen target was used
for the DVCS program [48] complemented by a large proton recoil detector
(CAMERA) around the target. The spectrometer is being used to extract the
GPDs and quantities related to unpolarised SIDIS physics. The schematic of
the target and the upstream visualisation of the CAMERA are shown in fig-
ure 2.6. The inner ring of the CAMERA consists of 24 scintillators around the
target, each connected with light guides to two photomultiplier tubes (PMT).
The outer ring is built around the inner ring and it consists of 24 scintillators
and PMTs as well.
FIGURE 2.6: Left: The schematic figure for the target. Right:
Upstream visualisation of the CAMERA
2.2.3 Magnets of the spectrometer
The two dipole magnets define the stages of the spectrometer. SM1 is the
magnet used for measuring momentum of the tracks in the large angle spec-
trometer (LAS) region. Its average integrated magnetic field is 1Tm. The
bending is done in the horizontal plane.
The second dipole magnet SM2 defines the Small Angle spectrometer (SAS).
It has a higher bending power than SM1: 4.4Tm, hence allowing more accu-
rate determination of the momentum of high momentum tracks.
2.2.4 Tracking
More than 300 active planes serve the COMPASS tracking purpose [49]. COM-
PASS has a pioneering history of using GEMs and Micromegas(MM) in a
working experiment. Several families of detector technologies are used for
COMPASS tracking. The tracking detectors can be mainly classified into
three types, based on the size of their active area. Namely, very small, small
and large area trackers. Throughout the 50 m long spectrometer hall, many
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tracking stations comprises these detectors. Each station contains several lay-
ers of detectors of same type, located approximately at the same z coordinate
(recall, positive z is the beam direction, downstream). A charged trajectory
is measured in several transverse projection to the beam direction to reduce
ambiguities. Near the beam, the detector requirements are stricter: capability
to stand high flux, good timing and spatial resolutions are key demands. Re-
quirements are more relaxed for detectors, which are stationed far from the
beam. These drive the three aforesaid classifications.
Very Small area Trackers
These trackers cover the radial distance up to 2.5− 3 cm near the beam re-
gion. The high beam flux in the region, up to 105 s−1 mm2 requires, excellent
time and space resolution. SciFis, silicon micro-strips and pixelised GEM and
pixelised MMs are used in this region. The SciFi detectors consist of several
staggered layers of scintillating fibers, allowing large overlap and good de-
tection efficiency. A column of fibres lined up in the beam direction is read
out by one channel of a multi-anode photomultiplier tube. In each station, at
least a X- and a Y-plane are used. For some stations also a U-plane is added,
typically inclined by 45o. The scintillating fibers have a diameter of 0.5 mm
or 1 mm. Hits associated to a muon track are correlated by time information
too as only spatial correlation can lead to ambiguities due to high particle
rates.
Beside the SciFis the silicon strip detectors are used for improving the
space resolution of the incoming muon beam. Figure 2.7 shows a COMPASS
silicon tracker. The silicon trackers consist of n-type wafers with 5× 7 cm2
active area. The signals are read out from both sides. One side has 1024 strips
and the other has 1280 strips. They are orthogonal to each other allowing to
measure muon signatures in the X and Y planes. One detector station is made
of two such detectors back to back. The nearby station is inclined by 5o, to
provide U and V coordinates. The detectors are operated at around 130K, to
reduced noise and improve time and space resolutions. They provide excel-
lent space resolution of 4− 6 µm and also time resolution of 2.5 ns.
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FIGURE 2.7: A Silicon tracking detector for the COMPASS Ex-
periment
Small Area Trackers
The small area trackers region includes MPGD based detectors, GEMs and
Micromegas trackers. GEMs [50, 51] are gaseous electron multipliers con-
sisting of a thin composite sheet with two metal layers separated by a thin
insulator, and pierced by a regular matrix of open channels. Micromegas
(MICRO MEsh GAseous Structure) [52, 53] are gaseous detectors based on a
simple geometry with planar electrodes. It is a new generation of reliable and
cheap detectors able to cope with very high-particle intensities. It consists of
a conversion gap in which charged particles liberate ionisation electrons and
of a thin amplification gap. Figure 2.8 shows the operating principle of the
Micromegas and the GEM detectors.
11 GEM stations, each consisting of 2 layers with 2D strip readout and having
31× 31cm2 of active area are used [54, 55]. GEMs have low material budgets,
0.4% X0 and provide 12 ns and 70 µm time and space resolution respectively.
They are equipped with a central zone of 5 cm of diameter which can be made
insensitive for normal data taking.
From the target to the SM1, the COMPASS spectrometer hosts 12 micromegas
detectors [56, 57]. The detectors of this region are exposed to a high flux of
low energy electromagnetic showers, which is not screened by SM1 and to
the influence of the fringe field of SM1. The detectors have an active area of
40× 40 cm2 and are readout via 1024 strips. The typical gas mixture which is
used is Ne : C2H6 : CF4 80 : 10 : 10. COMPASS MMs provide an efficiency
∼ 96%− 98%, 5 ns of time resolution and 90 µm of space resolution.
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FIGURE 2.8: Working principle of Micromegas and Gas Elec-
tron Multiplier(GEM) detectors
Large Area Tracker
The large area trackers are the outermost tracking planes. The reduced flux
in the outermost regions allows to reduce the constraints on detector require-
ments, in terms of radiation hardness, rate capability etc.
The tracking is mainly based on MWPC chambers. A total of 34 wire
layers corresponding to 25000 detector channels are installed and are opera-
tional. COMPASS has three types of acting MWPCs. Type-A, Type-A∗ and
Type-B. Type A and A∗ MWPCs have a dimension of 178× 120 cm2, where
Type A has X-,U- and V-plane. There are also Y-plane in A∗ MWPCs, Type
B has 178× 90 cm2 of active area. The spatial resolution is 1.6 mm for these
detectors.
The drift chambers are advanced derivative of the technique implemented
in MWPC technology. In this technique, the drift time of the avalanche to the
anode wire is measured to improve the spatial resolution. The cathode and
the potential wires are kept at -1700V and the anode wires are at 0 V. The
potential wires are used to form the electric field inside of the detector. In or-
der to solve left-right ambiguities, two drift cells are staggered with shifted
wires The detector is filled with an gas mixture of Ar, CF4 and C2H6 or CO2.
Each drift chamber has an insensitive zone in the centre for the passage of the
beam in order to avoid the high counting rate. One station consists of several
layers of drift cells, whereby two layers are used for each projection.They are
staggered to measure all four projections. The U- and V- planes are inclined
between 10o-30o, providing a spatial resolution between 110− 170 µm.
Straw tube detectors are very large area detectors made of straw drift tubes.
Each tube is similar to a small drift cell. Several of these tubes are glued
together to form a detector plane. In order to avoid left-right ambiguities,
again a second staggered layer is added. This forms one straw tube detector.
In total 12440 straw tubes were assembled into 15 detectors. Each detector
had an active area of about 9 m2 with a central dead zone of 20× 20 cm2. In
order to measure three projections of a particle trajectory, one station consists
of three detectors, X-, Y-plane and one with inclined by 10o with respect to
the vertical ones. The average resolution is ∼ 200 µm.
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2.2.5 Particle Identification
In COMPASS, the hadron identification is done by a gaseous Ring Imaging
Cherenkov detector [58, 59], located in the first stage of the spectrometer and
discussed in detail in the following chapter. The working principle of the
RICH and a schematic of it is shown in figure 2.9.
FIGURE 2.9: Left: Schematic slice view of the RICH from the
side, the particle can be seen emitting photons and reflected
back by the mirror to the detection plane. Right: The Schematic
of the RICH
2.2.6 Muon Identification
The muon identification is done by two detector systems: one in LAS, and
one in the SAS part. They consists in a set of tracking detectors before and
after a hadron absorber. The absorber absorbs the hadron and hence allows
to separate the muons from the hadrons. The muon stations are located at
the very end of each spectrometer stage.
In the first stage they are called muon wall-1 and composed of 8 mini
drift tubes, for particle detection. These tubes are grouped into two parts
separated by a 60 cm thick iron absorber. Each half has two planes to measure
the X-projection and two planes for the Y-projection. For both absorbers there
is a hole to match the acceptance.
In the second stage the muon identification is done by using trackers be-
fore 2.4 m long concrete absorber and two stations of muon wall2 after the
absorber together with three MWPCs. These two stations contain six planes
of X-, Y- and two planes inclined by 15o. These tubes are made of stainless
steel with inner diameter of 29 mm, with gold coated tungsten anode wire
of diameter 50 µm. They are operated in Ar : CH4 gax mixture. Two other
absorbers are present in the second spectrometer stage. These absorbers are
located at the end of the spectrometer in front of the trigger hodoscopes and
consist of iron.
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2.2.7 Calorimeters
The COMPASS experiment is equipped with electromagnetic and hadronic
calorimeters in both stages of the spectrometer. In each stage the electromag-
netic calorimeter is upstream of the hadronic calorimeters. The electromag-
netic and hadronic calorimeters in LAS and SAS are called ECAL1,HCAL1
and ECAL2, HCAL2 respectively. The hadronic calorimeters are sampling
calorimeters. Namely, the materials for the generation of the hadronic shower
and the generation of scintillation by the particles of the shower are dif-
ferent. On the other hand, the electromagnetic calorimeters are mostly ho-
mogeneous, which means the same material is used for the electromagnetic
shower and scintillation. It is extremely important for the DVCS physics to
detect hard photons in the final state. To extend the coverage at large angles
in 2016-2017 run, COMPASS has installed another electromagnetic calorime-
ter downstream to the proton recoil detector of the target, called ECAL0.
Electromagnetic Calorimeters
The ECAL0 is made of sampling ’shashlik’ structure. Each of them consists
of a lead/scintilator stack and the generated photons are readout by Multip-
ixel Avalanche PhotoDiode(MAPD) as photon detector with ultrahigh pixel
density, (up to 15K pixels per mm2) [60].
The ECAL1 and ECAL2 are made of lead glass, where the electromagnetic
shower is generated inside the lead glass. The electrons and positrons from a
shower emit Cherenkov light on their way through the glass. The amount of
the Cherenkov light is proportional to the energy deposited in each counter.
Each block of lead glass is viewed at one end by a PMT which measures the
intensity of the light emitted at the counter. The ECAL1 is composed of lead
glass of three different sizes: Centrally, 576 blocks of 38.2× 38.2 mm2, inter-
mediate region with 580 blocks of 75× 75 mm2 and the external most region
with 320 modules 143× 143 mm2. The ECAL2 is made of 2972 modules(64×
48). The energy resolution is ECAL2 is 5.5%/
√
E⊕ 1.5% and the space reso-
lution is 6 mm/
√
E⊕ 0.5 mm.
Hadronic Calorimeters
The hadronic calorimeters of COMPASS are built out of several modules and
each module has a modular structure. They are made of alternating layers of
iron and scintillators. The iron plates generates the hadron shower and the
scintillators detects the shower.Hadron showers are larger in size compared
to the electromagnetic showers and the dimensions of the hadronic calorime-
ters are larger than the electromagnetic calorimeter ones.
Each module of HCAL1 is composed of 40 layers of iron and scintillators
plates, 20 mm and 5 mm thick, respectively, amounting to 4.8 nuclear inter-
action length. The HCAL2 is a matrix of 22 × 10 modules. Most of them
consists of 36 steel plates of 25 mm thickness and inter-leaved with 5 mm
thick scintillators. The overall thickness is 5 nuclear interaction length for
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the pions and 7 nuclear interaction length for the proton. The parameterised
energy resolutions are:
• HCAL1 σ/E = 59.4%/
√
E⊕ 7.6% for pions
• HCAL2 σ/E = 65%/
√
E⊕ 5% for s
2.2.8 Trigger
COMPASS records the data event by event. This requires a trigger system to
start the readout process. In figure 2.10 we can see an example of detectors
for the triggering with muon beams. For the physics programs with muon
beam the trigger system is mostly based on the signals from the scattered
muons [61]. A veto system, energy deposition in the HCALs and signals
from the hodoscopes are used in the trigger decision. The system is made of
several hodoscopes composed of scintillator strips. To obtain a trigger signal
a special coincidence of signals is required, which is obtained from at least
two hodoscopes, which are at different positions in the spectrometer and at
least one of them is behind an absorber allowing only muons to pass.
FIGURE 2.10: Example of compass trigger setup, for physics
with muon beams.
For the hodoscopes based triggers two methods are used:
• Target pointing method
• Energy loss method
To cover different kinematic regions COMPASS has five different trigger sys-
tems. Namely, inner trigger(IT), ladder trigger(LT), middle trigger(MT), outer
trigger(OT) and LAS trigger(LAST).
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Target pointing method
Events with Q2 >∼ 0.5 (GeV/c2)2 are mainly triggered by the scattered
muon information only. The spectrometer magnets deflect the charged par-
ticles in the horizontal plane of the spectrometer hall. In the vertical plane
the angle of the muon is preserved. Therefore the angle can be measured and
only muons coming from the target will be accepted. A pair of hodoscope
stations with horizontal strips are used for this triggering method. Consider-
ing all possibilities of coincidence combinations of the signals coming from
the two hodoscopes a matrix is formed. The final trigger decision is made
from pixels which corresponds to interaction inside the target region. These
are the diagonal elements of the coincidence matrix. Using the central strips,
the position of the interaction cannot be determined. This results in a singu-
larity in the matrix. This principle is used in LAST, OT and MT.
A. Target Pointing Trigger B. Energy loss Trigger
Hallo  μ
Hallo  μ
Beam  μ
FIGURE 2.11: Left: Target pointing trigger, Right: Energy loss
trigger
Energy loss Trigger
The previous method is only applicable to events, where the scattering an-
gle sufficiently large. For quasi-real real photon regime (low Q2) a different
method is applied. Instead of horizontal scintillators, vertical scintillators are
used and the deflection in the magnet is taken into account. This bending ac-
tually filters out cases where no interaction took place from cases where the
energy loss resulted from the interaction providing larger bending. In this
case also all possible coincidences are taken in a matrix form, the accepted
pixels in the matrix are not diagonal but form a region, due to different pos-
sibilities of scattering angles at different energies. The rejected pixels point to
events with minimal energy loss. This method is adopted in IT, MT and LT.
In figure 2.11 we can see the two different mechanisms. On the left, the target
pointing trigger setup and on the right the energy loss trigger set up.
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Veto
Another important component of COMPASS triggering is the Veto trigger.
The muon beam for COMPASS comes with a halo of sizable divergence and
intensity. Without interaction inside the target, the halo may result in trigger
signals. The veto system in front of the target reduces the effect significantly.
It is composed of five scintillator hodoscope stations with a central hole for
the beam. To veto the halo COMPASS has two large hodoscopes stations and
other three hodoscopes veto the part of the beam outside the target region.
The final veto signal is an OR of all the signals. The advantage of vetoing
is to reduce unwanted trigger signals and hence to reduce processing of un-
wanted events by the data acquisition system, reducing the dead time. On
the other hand, a coincidence of the veto and the trigger signal introduces a
dead time.
Calorimeter trigger
This trigger is the only COMPASS trigger for the muon physics programme
which does not trigger on muons, rather it triggers on the energy deposition
of particles in the calorimeters. This trigger can be used to extend the kine-
matic range of the system towards large photon virtualities and to trigger on
muons outside the acceptance of he hodoscopes. To distinguish between the
muons and the hadrons, the energy threshold is set higher than the energy
deposited by the muons on passing through the calorimeter. The muons de-
posit minimal ionization energy in the calorimeter. In order to form a "semi-
inclusive" trigger, hodoscope trigger is made in coincidence with Calorimeter
trigger signal. The Calorimeter trigger threshold is high enough to suppress
90% of the clusters produced by the single muons.
2.2.9 Data Acquisition and reconstruction
The data acquisition system of COMPASS [62] is responsible for the collec-
tion of the data from COMPASS spectrometer. The logical steps can be seen
in figure 2.12. It has several layers. The layer closest to the detectors is the
Front End Electronics (FEE), which captures signals directly from the detec-
tors and digitises them by means of Analog to Sampling Digital Converters
(SADCs) or Time to Digital Converters (TDCs), depending on the type of
the detector. There are around 300K channels coming from this first layer.
The data is readout by CATCH (COMPASS Accumulate, Transfer and Con-
trol Hardware) or GeSiCA (GEM and Silicon Control and Acquisition) and
Gandalf concentrator modules, based on VME standard and grouped into
sub-events, which are read out, assembled and buffered by modern FPGA
(Field Programmable Gate Array) based cards. The data taking is synchro-
nised to the Trigger Control System (TCS) [63]. The trigger signals from the
TCS are transferred to all FEE via CATCH. At the beginning CATCH ini-
tialises all the FEE, the GeSiCA is similar but the name suggests that it has
been optimised for GEMs and Silicons and also used by the RICH-1 gaseous
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FIGURE 2.12: Logic diagram of the COMPASS DAQ
PDs. The data is then transferred to the FPGA based special multiplexers and
then via a FPGA/Multiplexers switch it is connected to the 8 Readout Buffer
(ROB) PCs (maximum throughput 160 MB/s), where they are stored in 512
MB spill buffer cards. For further processing, the information of each sub-
event in the ROB which do not contain the full information from all detec-
tors, are transferred via three Gigabit Ethernet switches to the event builder
(EB) computers. The events are built by 12 event builders and are then writ-
ten to multiple 1 GB large files (chunks) labeled by the run number and their
consecutive chunk number. Eventually, the data are transferred to the CERN
central data recording facility (CASTOR).
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Particle Identification techniques
3.1 Introduction
Visual detection techniques (bubble chambers, nuclear emulsion, streamer
chambers), which provided a direct image of particle tracks and therefore al-
lowed physicists to perform a complete kinematical reconstruction of events
and hence doing particle identification, were extremely important in past
days experiments. It was not only limited to charged tracks by accurately
calculating the charge and momentum of the tracks but also, the missing mo-
mentum allowed to detect the neutral particles from these images. However,
these techniques had serious limitations. They had limited rate capability,
triggerability and event reconstruction was highly time-consuming. For in-
stance, roughly speaking in 7 TeV LHC, the inelastic proton-proton collision
cross-section is ∼ 60 mbarn, therefore at nominal luminosity of 1034 cm−2s−1
the event rate is 1034 × 60× 10−3 × 10−24 = 6× 108 s−1 [64]. It can therefore
be realised that in current day high energy physics experiments of compa-
rable rates these techniques can not be adopted. However, demand of fast
efficient particle identification has triggered the development of new tech-
niques. These modern particle identification techniques are suitable to cope
with the current requirements [65, 66].
Subatomic particles can currently be identified or separated by means of
their mass and electrical charge. The mass of the particles can not be mea-
sured directly. In order to determine it we need at least two of these three cor-
related quantities: momentum, kinetic energy and velocity to be measured. If
we assume the particle is long lived, practically we can utilise the relativistic
mass relationship.
m =
p
cβγ
(3.1)
where all the symbols are carrying usual meaning. In presence of a static
magnetic field the curvature of the charged track provides the charge and
momentum value. The velocity term can be obtained by many ways: by
measuring the time of flight (TOF) of the charged track over a constant dis-
tance, ionization energy loss, detection of Cherenkov radiation, and direction
of transition radiation. By propagating errors in equation 3.1 we get,dm
m
2
=

γ2
dβ
β
2
+
dp
p
2
(3.2)
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From equation 3.2 to estimate the mass precisely, we need a very good de-
termination of momentum and velocity. If we assume that determination of
momentum is precise enough to ignore the second term in equation 3.2, we
see that we are led by the accuracy in the velocity determination. On top of
that, this term is coupled with an additional factor of γ2, which forces us to be
more uncompromising in the accuracy of velocity determination at a higher
momentum. If we assume that two particles with mass m1 and m2 possess
same momenta p, then from equation 3.1 we can write,
m21 −m22 = p2
∆β(β1 + β2)
c2(β1.β2)2
(3.3)
Where, ∆β =
∣∣∣β1 − β2∣∣∣. Assuming that β1, β2 ∼ β we can rewrite 3.3 as;
∆β
β
=
(m21 −m22).c2
2p2
. (3.4)
Figure 3.1 shows how dramatically the beta resolution becomes important
with momentum. In an experiment like COMPASS, where we need to do
pion kaon separation above 40GeV/c, we need beta resolution of the order
of 10−5.
FIGURE 3.1: Beta Resolution versus momentum
3.2 Underlying Physics of Cherenkov radiation
Cherenkov radiation is named after Pavel Cherenkov, who first observed that
if a charged particle is moving uniformly in a dielectric medium of refractive
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index n, with a velocity v(v = β.c) faster than the local phase velocity c/n
of the light, then the charged particle radiates electromagnetic radiation in
a peculiar way: the photons are emitted at an angle θC with respect to the
trajectory of the charged particle in that medium and this angle follows the
relationship
cos θC =
1
nβ
. (3.5)
Cherenkov first obtained this equation in 1934, and this characteristic angle
θc is called Cherenkov angle [67]. Frank and Tamm [68] came with a detail
theoretical description of this observation. The quantum mechanical descrip-
tion of Cherenkov equation predicts additional term hλ.p
n2−1
2n2 in equation 3.5.
However, we neglect this additional term in the rest of the discussion, by
Cherenkov angle now on we consider only the classical Cherenkov angle re-
lationship. In literature detailed description of Cherenkov equation can be
found [65, 69].
Qualitatively the underlying mechanism is as follows: suppose a charged
track is passing through a dielectric with relatively slow speed, then the
molecules in the vicinity of the track will become polarised due to the ef-
fective field of the charged track. In figure 3.2 near the point P the atoms are
polarised and the approximate spherical shape of those atoms are distorted.
When the track moves to the point P’, the atoms near P will relax back to the
original position and shape, due to the transient nature of this polarization
state. This polarised atom will be enacting like an elementary diople. But the
relatively slow track will ensure the electric fields near the vicinity are exactly
symmetric. Owing to the symmetry, there will be no field present in the far
region from the track and therefore no radiation. The symmetry is both in
azimuth and along the axis [70, 69].
FIGURE 3.2: Polarisation of the medium due to passage of
charged tracks at different speed. Left, slower than the speed
of light in that medium. Right, faster than the speed of light in
that medium. [65]
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However, when the track is moving at a speed comparable to the speed
of light in that medium, the picture is quite different. First, the symmetry is
broken. Although the azimuth is still symmetric but along the axis the sym-
metry is not preserved. Therefore, along the axis the dipole will be apparent
at a distance, which is much larger than the atomic dimension. Such a field
will be momentarily set up by the track at each element along the track in
turn, each element then radiating a brief electromagnetic pulse. Second, the
radiation will be spread over a band of frequencies corresponding to the var-
ious Fourier components of this pulse. Generally speaking, the wavelets will
destructively interfere, so that at a distant point no resultant field intensity is
detected. However, if the speed of the charged particle crosses the phase ve-
locity of light in that medium, the interference becomes constructive, in other
words, all wavelets from the tracks will be in phase, leading to a nonzero field
intensity at a large distance.
From Huygens’s construction figure 3.3 ,we can see that the radiation will
be emitted at a particular angle along the track, which is the famous relation
mentioned in equation 3.5 and owing to the symmetry in the azimuth, each
elemental section will be circular if projected on a plane transverse to the
direction of the charged track with different radii depending on the distance
from the plane.
FIGURE 3.3: Huygens’s construction of Cherenkov radiation
[65]
3.2.1 Theory of Ring Imaging Cherenkov detector
To start with basic equations of the Cherenkov radiation which are adopted
in constructing, monitoring and tuning the Ring Imaging Cherenkov tech-
niques, let us go back again to fundamental mechanism of the electromag-
netic radiations of a charged particle, moving relativistically. If we try to
write the Bessel function of the relativistic charged particle moving in a isotropic
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dielectric (Appendix: A), we can find out the constant term in the Bessel func-
tion is dictated as follows:
λ2p =
ω2
v2
− ω
2
c2
e(ω) =
ω2
v2
[1− β2e(ω)] (3.6)
The electromagnetic wave frequency (ω) produced by the charged particle
while moving, e(ω) is the dielectric constant of the media. From equation
3.6 we see, when the condition v > c√
e(ω)
is satisfied, λP turns imaginary.
The description of the energy loss per unit length by a relativistic charged
particle traversing a dielectric, with these two assumptions 1. λp = −i|λp|
and 2. v > c√
e(ω)
becomes:
dE
dx
=
Ze
c
2 Z
e(ω)>(1/β2)
ω

1− 1
β2e(ω)

dω (3.7)
This equation can be realised in a double differential equation, which is the
famous Frank and Tamm Formula [68, 71] which states differential energy
radiation per unit path length of a charged particle moving with a speed
greater than the speed of light in that medium:
d2E
dxdω
=
Ze
c
2
ω

1− 1
β2n2(ω)

(3.8)
The term n(ω) is the refractive index of the medium. The expression of num-
ber for photons produced by the charged particle can also be extracted from
equation 3.8, writing the refractive index as the function of radiated photon
wavelength (νλ = c/n(λ)). The expression is:
N = 2pi.LZ2α
Z
β.n>1

1−
βth(λ)
β
2dλ
λ2
(3.9)
In this equation, βth(λ) is a consequence of the fact that cos θC ≤ 1, hence
βth = 1/n(λ). The number of emitted photons depends on the range of the
integrated photon wavelengths. We can write the expression for the number
of emitted photons which will be more or less constant per unit length (in
cm) and per unit energy (in eV).
N ∼ 370Z2

1− 1
n2

(3.10)
This expression represents the mean of the Poisson distribution in the num-
ber of photons, owing to the inherent statistical nature.
The measurement of the Cherenkov angle θC, provides a way to measure
the velocity of the particle, provided the refractive index and momentum is
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known. Starting from the Cherenkov equation, we can write
cos θC =
1
nβ
;
β =
p
E
=
pp
p2 + m2
cos θC =
p
p2 + m2
n.p
;
m2 = p2.

n2 cos2 θC − 1

(3.11)
If the errors in estimating θC coming from different sources are denoted as
Dθj, then the uncertainty in the measured angle is added in quadrature and
the relationship is obtained as:
σ2θC =å
j
Dθ2j (3.12)
In order to optimise the performance of the RICH in the higher momentum
region, where the difference in the Cherenkov angle of two different particles
becomes smaller and smaller, the minimization of these errors is mandatory.
The error in the velocity determination is:
(
σβ
β
)2 = (tan θCσθC)
2 + (
σn
n
)2 (3.13)
The term σnn contains all the uncertainties associated to the determination
of the refractive index. This error contribution has irreducible parts which
are related to the evolution of refractive index with temperature and pres-
sure and dependence of refractive index with photon wavelength. The first
component can be estimated by extracting refractive index at different tem-
perature and pressure values and interpolating over a longer period. This
error may have different components depending on the experimental situa-
tions. In the COMPASS experiment the refractive index is determined from
the data, to monitor the performance and status of RICH. This I will discuss
in detail later, that physics background can lead to wrong estimation of re-
fractive index. Nevertheless, in the RICH technique, mass is the physical pa-
rameter computed from the measured velocity, momentum and knowledge
of refractive index for particle identification. For light gases due to techni-
cal reason, the refractive index is labelled as n − 1, which is in the unit of
ppm (10−6). Starting from the Cherenkov equation and ignoring all terms
contributing significantly lower than a ppm, the error ascribed to the mass
determination goes as follows:
σm2
m2
2
=

2m2
σp
p
2
+

p2
2θCσθC
(n− 1)− 1
2
+

[2p2− (pθC)2]
σ(n−1)
[(n− 1)− 1]2
2
(3.14)
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This equation shows that with increasing momentum the mass resolution
deteriorates. In the higher momentum region the ring diameter is larger,
therefore the associated error increases. Once tuned the error in the refractive
index is negligible, if it is within few ppm. Each photon is an estimation of the
squared mass in principle. However, if the estimation is performed using the
ring, the associated error in the theta is reduced by a factor of
√
(N), where
N is the number of photons in the ring, in case of negligible background.
FIGURE 3.4: The polarization of the Cherenkov angle [65]
As the photons are linearly polarised (a detailed derivation can be found
in appendix A), the electric field vector lies in the plane defined by the parti-
cle direction and the direction of photon propagation. The medium has to be
fully isotropic to polarised light and an estimation has to be made for the re-
flection losses at the medium interfaces. Generally speaking, the Cherenkov
photons are emitted in frequency ranges where the refractive index is approx-
imately constant. Which ensures that it is away from the absorption band.
The expression for the number of photons N for a given radiator length L is
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given by;
N = N0L sin2 θc
N0 =
2piα
h¯
Z
e.QE.T.R.dE
(3.15)
The term QE represents the quantum efficiency of the photon detector, T is
the total transmission coefficient of the radiator and the windows, R is the re-
flectivity of the mirror and e is the efficiency of the single electron detection.
The integration is done between the limits, defined by the photoionisation
threshold as lower edge to the medium transparency as upper edge. The
higher the N0 the better the detector. It is called the figure of merit (FOM) of
a Cherenkov detector.
At saturation, where β → 1, θ turns to be asymptotic. At this point the
Cherenkov angle is maximum. The maximum number of photons is there-
fore given by Nmax = N0L sin2 θmax. At a given angle (θ) the fractional num-
ber of Cherenkov photons is:
N
Nmax
=
sin2 θ
sin2 θmax
(3.16)
From equation 3.16 we see that each ring with its number of photon and ring
angle can provide an estimate of the FOM of the RICH detector. The equation
is therefore given by:
Nmax =
N0L
γ2t
Nγ2t
N0L
=
sin2 θ
sin2 θmax
Nn2
L(n2 − 1)
sin2 θ
sin2θmax
= N0
where : γ2t =
n2
(n2 − 1)
(3.17)
From equation 3.4 we can write the upper momentum limit pup1,2 for sepa-
rating two particles with masses m1m2, given the FOM N0, the length of the
radiator L and refractive index n:
tan θDθ =
Dm2
2p2up1,2
pup1,2 =

Dm2
√
N
2nσσθn tan θ
1/2
pup1,2 =

Dm2
√
N0L
2nσσθn tan θ
1/2
(3.18)
The physics requirements of the experiment fix the needed nσ on the desired
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particle separation power and the allowed contamination level. Equation
3.18 shows that the upper PID momentum limit can be increased by increas-
ing the FOM N0 and/or decreasing the σθ.
3.2.2 Image formation
The idea to identify mass of charged particles by exploiting the directional
properties of the Cherenkov radiation was conceived by Roberts [72]. The
Cherenkov radiation is emitted in an isotropic dielectric medium, chosen ac-
cording to needed range of the particle identification. The detected photons
can be used for particle identification in the form of a ring recognised by pat-
tern recognition. Experiments like E605, DELPHI [73], OMEGA [74], SLD,
HERA-B [75], HERMES [76], CLEO, BaBar [77], LHCb [78, 79] etc. have used
RICH with pattern recognition methods. In the imaging technique the pho-
tons can either be detected by focusing on the detector surface by a spherical
or a parabolic mirror, or without any focusing technique. The latter, called
proximity focusing technique, will not be discussed here. Detailed informa-
tion can be found elsewhere [80, 81]. The basic ideas behind the focusing
RICH for the imaging technique and its evolution can be found elsewhere
[82, 83].
The optimal design of a Cherenkov imaging counter must take into account
the photon detector technology. This is crucial to reduce the losses in the
number of detectable Cherenkov photons. The design of single photon de-
tectors in different direction has played an important role in the success of
the Cherenkov imaging counters. Vacuum based detectors, gaseous detec-
tors, solid state detectors and hybridisation of different techniques have been
adopted in different Cherenkov imagine detectors [83, 84, 85, 86, 87].
During the years continuous improvements were generated by advancements
in the photon detector technologies. Recent experiments are equipped with
RICHes which are capable of detecting photons in the visible range. These
detectors are based on vacuum photon sensors. Despite many advantages
of the vacuum based photon detectors, gaseous detectors are superior when
operation in high magnetic field is needed, when covering large area active
photon detection surface at lower cost and efficiently is mandatory. CsI film
based photon detectors are the options to detect photons in the vacuum ultra
violet (VUV) domain. CsI has the highest Quantum efficiency in the VUV do-
main compare to other alkali halides. It is however extremely hydroscopic.
The QE deteriorates with H2O contamination. CsI allows stable operation up
to integrated charge values of the order of 1 µC/mm2 [88, 89, 90, 91, 92, 93].
A search for alternative photocathode in the VUV region is ongoing. Hydro-
genated nanodiamonds exhibit robustness and large QE in the VUV domain
[94, 95]. A collaborative research is ongoing at INFN Trieste and University
of Bari to couple hydrogenated nanodiamond with THGEMs for VUV single
photon detection. I have actively taken part in the R&D activity related to
this research [96, 97].
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3.3 An Example: COMPASS RICH-1
Some basic construction characteristics of COMPASS RICH-1, which is the
topic of this thesis is discussed in this chapter. It is a RICH with 3 m long
C4F10 radiator [98], 21 m2 VUV reflective mirror [99] system and 5.6 m2 active
detector surface. COMPASS RICH-1 is capable of identifying pions, kaons
and protons up to 55 GeV/c. As mentioned in chapter 2, RICH-1 sits in the
first stage of the spectrometer.
3.3.1 RICH Vessel and the radiator gas
An aluminium structure enclosed by Al plates is used as the RICH vessel. It
has a length of 3 m, a width of 6 m and it is 5 m high. Figure 3.5 shows the
RICH vessel during transportation. The hydro-static pressure of the radiator
gas are held by the front and rear windows, which are built with minimum
material budget due to their presence in the spectrometer acceptance. A total
of 2% X0 is spent by sandwiching layer of foam in between two Al foils. In
the central part, near the beam region, it is 0.6% X0.
FIGURE 3.5: The transportation of RICH vessel in the 888 spec-
trometer hall at CERN.
A cylindrical pipe of 100 mm diameter on nominal beam axis had been
installed to shadow the Cherenkov photons generated by the beam particles.
This pipe is filled with helium to reduce the material budget. The 330 cm
long C4F10 radiator corresponds to ∼ 10%X0, which would be unacceptable
in the beam region. In 2012 the original 120 µm thick stainless steel pipe was
replaced by 4 layers of metalised BoPET (25 µm BoPET + 0.2 µm Al). The
contribution to the total material budget by the new pipe for beam particles
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is 0.08%X0 along with 0.06% from the helium. The beam pipe can be seen in
figure 3.6
FIGURE 3.6: Beam Pipe inside the RICH [100]
3.3.2 The focusing mirrors
COMPASS PID is based on focusing RICH technique. A 21 m2 VUV mirror
wall has been produced to focalise the Cherenkov photons onto the photon
detector plane [99]. The photon detectors are stationed above and below the
acceptance region. Their surface is a rough approximation of the focal plane.
The mirror wall is divided into two spherical surfaces of 6.6 m radius about
the horizontal plane containing the center of the beam pipe. This arrange-
ment results in a geometrical aberration of 0.32 mrad for images produced
by small incidence angle of the particles and can be larger for particles with
large incident angle. The two surfaces have a mosaic formation composed of
a total of 116 spherical mirror units: 68 regular hexagons with 522 mm long
diagonal and 48 of six different size, to avoid saw-teeth patterns on the sur-
face borders. The external side of the mirror wall with the mirror holding
mechanics can be seen in figure 3.8. The wall can be seen in figure 3.7 during
the alignment procedure. The clearance left between adjacent mirrors results
in a 4% loss of reflecting surface. The reflecting layer is an 80 nm thick Al de-
posited on a 7 mm thick borosilicate glass substrate and covered by a 30 nm
thick MgF2 protective layer the layers have been deposited with a controlled
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and tuned procedure, including: very good vacuum (10−7 mbar), high depo-
sition rate(2− 4nm/s) and rapid rotation of the mirror. Thanks to the CERN
reflectometer facility, it was possible to give feedback to the manufacturer.
A strict quality control for the validation has been imposed on the pro-
duction of the mirrors: the radius of curvature R = 6600 mm ± 1%, the
reflectance r > 80% in between 160 − 200 nm photon wavelength range,
the “spot diameter” d, which is defined as the diameter of the beam-spot
at the focal plane < 3.5 mm. A total of 126 mirror units were produced at
IMMA, including 10 spare units. The radius of curvature and the spot diam-
eter D has been characterised individually. The average radius o curvature
is Rav = 6606± 20 mm and Dav = 1.65± 0.45 mm. The roughness has been
measured on a sampling basis. The achieved mirror reflectance is good with
a mean value of 83− 87% at 160− 200 nm. Repeated measurements of the
reflectance after 1 and 2 years permanence in RICH vessel indicate, after the
expected short term degradation, stable reflectance values above 165 nm.
The hexagons were divided into two sets depending on their R values
below or above the Rav. The best mirrors (R nearest to the nominals) were
used in the central region, where the number of tracks is larger compared
to the peripheries. These mirrors will mostly focalise the photons onto the
MAPMTs.
FIGURE 3.7: Delicate mirror alignment procedure
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FIGURE 3.8: The mechanics of the mirror
3.3.3 CLAM System
If the adjacent mirrors are not well aligned then the image of an reflected
object will be inconsistent. Thus, any discontinuity in the image of a rectan-
gular grid of continuous lines corresponds to a relative mirror misalignment.
The figure 3.9 shows the principal CLAM alignment. CLAM system is based
on this simple idea. The basic hardware components include four digital
cameras for the monitoring of four different segments of the mirror wall, a
regular grid of retroreflective strips illuminated by light emitting diodes. The
two LEDs are placed close to each camera. All the parts of the system were
properly chosen to achieve resolution of mirror misalignment of 0.1 mrad
[101].
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FIGURE 3.9: Principal of CLAM alignment [101].
3.4 Data Analysis Package
COMPASS has multi-layer data analysis packages. They are listed in the
following:
• DDD : Daq Data Decoding
• CORAL : COmpass Reconstruction and ALignment software package
• PHAST : PHysics Analysis Software Tools
• COMGeant : COMpaass Geant Monte Carlo simulation program based
on Geant 3.21
• TGeant : a Monte Carlo simulation program based on Geant4.
• Time dependent inputs, like calibration and slow control data, are stored
in a MySQL DataBase
Here I will give very brief description of CORAL, which I have used
mainly for studying the RICH performance for 2016 SIDIS physics.
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• CORAL: CORAL is mainly used for alignment and reconstruction of
the data. It is an object oriented program (written in C++), with modu-
lar architecture. CORAL can process both raw data as well as data pro-
duced by the Monte Carlo simulation software of COMPASS (COMGeant)
The most relevant tasks performed by CORAL can be listed as the fol-
lowing:
– The decoding of all the data in order to extract the address of the
fired channels (hits), the signal amplitudes and the time informa-
tion.
– The reconstruction of the particle trajectories (tracking), the mo-
mentum analysis of the charged particles, and the reconstruction
of the interaction and decay vertices.
– The identification of the muons, using the information from the
muon detectors.
– The RICH reconstruction and hadron PID, using the information
from RICH-1.
– The analysis of the response of the hadronic and electromagnetic
calorimeters.
3.5 RICHONE
RICHONE is the part of the COMPASS software package CORAL, for RICH
reconstruction, characterization and analysis [102, 103, 104]. CORAL is the
COmpass Reconstruction and ALignment software package. A brief descrip-
tion of some important tasks performed by the RICH reconstruction soft-
ware, RICHONE, is as follows: CORAL loops over the events. After recon-
struction of the beam and the tracks, the reconstruction of the RICH-1 data is
performed. After this the reconstruction related to the calorimeters are done.
An option file is read by the RICHONE, the required options and initial val-
ues are stored in this option file.
3.5.1 The main functionalities of the RICHONE
RICHONE is a package performing both the standard PID and several ac-
cessory tasks, including tuning and calibrations. At the very beginning of
the RICH reconstruction, the type of the data fed to the RICHONE is clearly
mentioned. There can be many possibilities: raw, simulated or gFiles : which
is a special file with only RICH information. Inside the code a monitoring
function is available to set the type of data to be analysed by the RICHONE
and to set the options accordingly, which are read from the option files. In
order to associate the photons emitted by the particle with the particle, RI-
CHONE needs:
• In CORAL a particle trajectory is defined giving its helix (position, di-
rection and momentum). To reconstruct a trajectory inside RICH-1, a
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helix is computed at the RICH-1 entrance window; the trajectory is ex-
trapolated inside the RICH-1 volume, taking into account the fringe
field of the spectrometer magnet, located about 3 m upstream of RICH-
1.
• information recorded by the photon detectors of the RICH-1 and which
is decoded by the data acquisition decoder and transformed in the lab
system.
The decoded information is called digits. In case of our RICH reconstruc-
tion software they are composed of some physical coordinates and signal
amplitudes. The execution of the software can be summarised as successful
completion of four important steps. They are executed in different classes
with many routines and subroutines of the RICHONE code A brief descrip-
tion of the classes is made in appendix C with their key functionalities. The
four important steps in the RICHONE are the following:
1. The tracks information is read with the aid of the other parts of the
CORAL software by the RICHONE, where the interesting parameters
for PID, tuning and characterisation are recorded. They are the momen-
tum multiplied with charge, position and direction of the tracks at the
RICH entrance and the exit plane.
2. The photon hits are measured by the RICH-1 PDs, together with either
their time information for the MAPMTs or three signal amplitudes for
the gaseous detectors. The hit time information is used for out-of-time
photon rejection. Whereas, the hit amplitudes are used to reduce back-
ground both from the out-of-time photons and electronic noise. For the
gaseous detectors, a pad is selected only if the signal amplitude is larger
than 8 ADC channels and the three signal samples (A0,A1,A2) is having
the following relationship: A0 < A1 < A2.
3. Based on the fact that, the converted photons may induce charge over
more than one adjacent pads, a clustering algorithm is implemented.
In this algorithm, pads of the highest signal amplitude is searched. Af-
ter having found the pad with highest signal size, the adjacent pads
are included in the cluster if the signal amplitude of that is less than a
percentage of the highest signal amplitude (60% along the wire-plane
direction and 30% along the transverse direction). The impact position
(cluster) is then evaluated as the mean of the hit positions, weighted
with their pulse height. The average cluster multiplicity is 1.1. For the
MAPMT the clustering is not adopted as the probability to have corre-
lated hits in adjacent pads is negligible.
4. For each of these clusters the photon trajectory is reconstructed. This re-
construction is based on the cluster coordinate and the photon emission
point. Thanks to the focusing RICH technique, the photon emission
point is assumed to be the mid-point of the trajectory inside the RICH
volume. After the photons have been reconstructed they are associated
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to the particles. Only after this association, the rings are reconstructed
and the likelihoods (LH) are computed. For the ring recognition the
ring angle are scaled to the UV refractive index.
A simple flow-chart is shown in figure 3.10 illustrating the structure of the
code.
Pads Pseudo-Pads
Clusters
Photons (UV) Photons (UV+VS)
Likelihood σphoton
Ring
χ2 σring
FIGURE 3.10: A simple flowchart for the RICHONE software
A detailed understanding of the entire software is mandatory for the tun-
ing and adding relevant modification needed during the characterisation of
the RICH.
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Chapter 4
Single Photon Detection in
COMPASS RICH-1
4.1 Introduction
In this chapter a brief description of the COMPASS photon detectors is pre-
sented. COMPASS RICH-1 has photon detectors of two kinds: MAPMT
based detectors and gaseous detectors. Originally the photon detectors (PDs)
were only MWPC based. In 2006, the central PDs were upgraded to MAPMT
based detectors. For several physics measurements, for instance measure-
ment of absolute cross-sections of particular hadron species production, where
the knowledge of the values of the particle identification efficiencies is needed,
the stability of these efficiencies is important for accurately measuring the
physics quantities. In case of significant fluctuations in the efficiency the
corresponding contribution to the systematic error will be critical. The ef-
ficiencies depend on the kinematic phase pace but their stability over the
entire phase space is essential. This can only be achieved by achieving high
efficiency and stability of the Cherenkov photon detectors for both signal
detection and background rejection. Vacuum based MAPMT detectors are
extremely effective in this regard, thanks to their stable operation, large gain,
high QE and fast response. For these reasons COMPASS RICH-1 has been
equipped with the MAPMT system in the central region. Nevertheless, where
RICH detectors are embedded in a magnetic field or very large photon detec-
tion areas need to be covered at an affordable cost, gaseous detectors are the
only choice. COMPASS RICH-1 is a nice example. A large surface of∼ 5.6 m2
was initially covered with MWPC based single photon detectors. Despite of
20 years of successful operations, MWPCs are not free from their techno-
logical limitations which affect the stability of the RICH response. To avoid
the electrical instabilities due to occasional discharges the MWPCs are com-
pelled to operate at low gain. Consequently, the electronic readout threshold
is critical both for the single photoelectron detection efficiency and the noise
suppression. Therefore, achievement of high stability is very difficult. The
main motivation of the upgrade was to replace the critical MWPCs with new
photon detectors which exhibit large gain and better stability in time. Effi-
cient detection of signal of the Cherenkov photons also depends on the time
window opened for the signal selection. The minimisation of the time reso-
lution of the signal rise time is therefore another important parameter. After
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an eight-year long dedicated R&D for the development of MPGD based sin-
gle photon detectors for RICH application, in 2016 COMPASS RICH-1 was
upgraded with THGEM-MM based hybrid PDs replacing four critical MW-
PCs. An important element of the upgrade is the reduction of the ion back
flow (IBF). This reduction increases the lifetime of the CsI photocathodes and
hence the longevity of the PDs. The new detectors are expected to show sim-
ilar response in terms of number of detected photons per ring and similar
or better single photon resolution with respect to the operational MWPCs.
In my PhD period I have analysed the data collected by all types of photon
detectors of COMPASS RICH-1. The figure 4.1 shows the detectors on the
RICH, where we identify the blue panels as the MAPMTs, the green panels
are the newly installed hybrids and the yellow ones are the MWPCs. The
scheme of the figure is not in scale and Jura is in the left and Saléve is in the
right hand side of the figure.
FIGURE 4.1: The detector nomenclature used in our analysis.
The scheme is not in scale.
4.2 Multi-anode Photomultipliers
In chapter 3 section 3.3 we have mentioned that the central part of the COM-
PASS RICH is equipped with the MAPMTs. These covers 25% of the photon
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detection surface due to the fact that the central photon detection area (25%
of the active surface) is highly populated by uncorrelated background im-
ages with rates up to 1 MHz per channel. Thus a very good resolution of the
measured Cherenkov angle is needed to push the limit of the hadron identifi-
cation towards higher momenta. In 2006, the region was upgraded with fast
photon detection system based on on Multi-Anode PhotoMultiplier Tubes
(MAPMTs). The individual MAPMT is coupled with a telescope of fused sil-
ica lenses to enlarge the effective detection area. The lens telescope system
together with MAPMTs is shown in figure 4.2. The MAPMTs are mounted in
soft iron boxes, they act as magnetic shield against the 200 G residual mag-
netic field of the open H-shaped spectrometer magnet placed a few metres
upstream of the RICH-1 detector. The iron boxes also house the voltage di-
vider boards, which distribute the appropriate voltage to the MAPMT elec-
trodes and transfer the anode signals to the front-end stage. The MAPMTs
are intrinsically fast and sub nanosecond devices. These MAPMTs are read
out via a digital system based on highly sensitive amplifier-discriminators
and high resolution Time to Digital Converters (TDCs). The lens system has
been designed such that:
• the photon wavelength domain is extended to the UV range, thanks
to the MAPMT UV extended windows, that allow to convert photons
down to 200 nm wavelength, and to the choice of telescopes made by
fused silica lenses.
• the telescopes coupled to each MAPMT have large demagnification pa-
rameter. Therefore, it possible to get a surface ratio between the en-
trance window of each telescope and the photo-cathode larger than
7. This feature, coupled to an accurate arrangement of the MAPMT
and lens mechanical supports, allows both to save on the number of
MAPMTs required, and to obtain a dead zone fraction of 2% only.
• to fulfill the COMPASS requirements, namely, high detection efficiency
for the single photoelectrons, sub nano second time resolution in achiev-
ing a minimised background rate due to uncorrelated events as well as
to exploit the MAPMT time resolution fully, and high rate capabilities;
a read-out system is used which provides a highly sensitive front-end
stage.
The MAPMTs are manufactured by Hamamatsu, they have 16 anode chan-
nels and bi-alkali photo-cathode and UV extended glass window. The MAPMTs
are characterised by large gains (∼ 106 at 800 V), fast transit time (∼ 10 ns)
and fast anode signal rise time(< 1 ns) [105, 106]. They have a custom volt-
age divider circuit. The MAPMTs are composed of 12 dynode stages. The
typical spectrum of a MAPMT is shown in figure 4.3. It consists of three
components. The tail of the pedestal signal distribution can be seen at very
low amplitudes. Two signal peaks are following the pedestal signal. The
high amplitude component corresponds to signals where the photo-electron
is amplified by the full 12 dynode chain.
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FIGURE 4.2: The mechanical drawing showing the MAPMTs
and the lens system
FIGURE 4.3: A typical spectrum of the MAPMTs
This has a typical mean amplitude value of 4 × 106 at 900 V. The low
amplitude spectrum is due to photo-electrons escaping one of the dynodes,
this peak has a typical mean of 8× 105 at the same voltage. For each MAPMT,
the voltage is adjusted to obtain mean values as similar as possible to the
typical values indicated above. COMPASS RICH-1 central photo-detection
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system is composed of 576 MAPMTs divided into 4 panels. The panels are
identified as cathode 3, 5, 10, 12 from viewpoint of COMPASS coordinate
system.
FIGURE 4.4: CAD diagram of the MAPMT and the lens system
from up and down view
FIGURE 4.5: MAPMTs and the optical lens system
The light is concentrated to the MAPMT by a two-lens telescope sys-
tem preserving the position information. The design of the lens telescope
[107] has been performed using ZEMAX 8 [108]. Top and bottom view of
the lens system can be seen in figure 4.4. Photons with wavelength in the
range between 200 &700 nm are transmitted with a wide angular acceptance.
The system provides an image demagnification of a factor 7.3 in area with
minimal distortion and complies with the space limitations at the detector
(11.5 cm total length). Another constraint from the COMPASS spectrometer
is that the MAPMT has to be oriented at an angle with respect to the tele-
scope entrance axis to be compatible with the existing MWPCs that remain
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as peripheral photon detectors: the telescope has to be a non-axial system.
Therefore to match these requirements the optics has been designed from the
basic scheme of HeraB [75] with a major modification. In COMPASS RICH-1
a plano-convex field lens with a wedge element is placed at the focal length
of the mirror, where the wedge ensures the non axial architecture. This field
lens is followed by a biconvex concentrator with one aspherical surface. The
describing equation is as follows [109, 105]:
z =
ρ2/R
1+
p
1− (ρ/R)2 + αρ
4 (4.1)
where z is the coordinate along the lens axis and ρ is the distance from
the axis; the parameters defining the surface are the radius of curvature
R and the aspherical 4th order coefficient α. The close view of the CAD
drawings of the MAPMTs are shown in figure 4.5 and 4.6 where the incli-
nation of the telescope system and the optics are seen. Different architectures
have been studied and optimised condition has been implemented as the op-
tics of the MAPMTs. The lens production and mounting quality have been
strictly controlled. Each lens and each telescope have been tested by custom
set up employing Hartmann method. Hartmann method is a classical non-
interferometric method to test the optical system. The lenses were tested by
placing a mask of regular array of holes, placed at the pupil of the optical sys-
tem to be tested. A parallel beam illuminates the optical system through the
mask.The image of the spots corresponding to the holes is collected at a de-
focusing position. The shape of the wave front can be deduced from the spot
image: the aberrations of the optical system can be determined, comparing
the reconstructed wave-front with the ideal one.To measure accurately the
position of the spots, the defocusing and the separation of the holes have to
be quite large to avoid overlapping spot images [110, 111, 112]
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FIGURE 4.6: The Concentrator close to the MAPMTs and the
lens is visble in the CAD drawing.
Another important aspect is to reduce the reflectance of the lens system. A
single layer MgF2 coating is effective in most of the wavelength range and its
application is a standard procedure. A single 75 nm layer is chosen to reduce
the reflectance at 300 nm. A careful mechanical design of the lens support
frames, shown in figure 4.9 is allowed to reduce the dead areas below 2% of
the surface.
Electronics
The read-out system for the MAPMTs is based on the MAD4 preamplifier dis-
criminator and the high resolution dead time free F1 TDC [113]. A schematic
is shown is figure 4.7. The availability of space for the electronics is con-
strained by the spectrometer, different layers of trackers are stationed just in
front of the RICH-1. The entire system has been mounted in an extreme com-
pact format, as close as possible to the photomultipliers. The read-out system
is free from cable connections in order to minimise the electrical noise, and
to maximise robustness. Figures 4.8 and 4.9 show the CAD diagram of the
compactness of the holding frames and the electronics cards.
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FIGURE 4.7: The electronics readout scheme of the MAPMTs
The MAPMT voltage divider which is shown in figure 4.7 has two connec-
tors, where the MAD4 boards populated with the MAD4 chips are directly
plugged in. The differential output signals of eight MAD4 discriminator
boards are fed via the intermediate Roof board to the digital read-out board,
the Digital RICH ElectronIc SAMpling (DREISAM) board[114]. A original
picture can be seen in figure 4.10. The Roof board acts also as mechanical
fixation of the read-out electronic boards, and it distributes the Low Voltage
(LV) power and the threshold settings to the MAD4 chips [115, 116].
FIGURE 4.8: CAD diagram of the holding frame of the
MAPMTs
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FIGURE 4.9: CAD diagram of the holding frame of the
MAPMTs
Optical links are used to transfer the digital data from the DRIESAM
boards to the read-out boards. The HOT-CMC mounted on the CATCH
boards is located in a VME crate at a few metres distance from the detec-
tor. Then the data is transferred to the COMPASS data acquisition system.
The HOT-CMC board has been specifically developed for this project, while
the CATCH board is standard in the COMPASS data acquisition system.
FIGURE 4.10: DREISAM board of the MAPMTs
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FIGURE 4.11: Threshold scan of MAPMT signals
FIGURE 4.12: Threshold distribution and typical time distribu-
tion of the MAPMT signals
The threshold scan and the time distribution of the MAPMT signals are
shown in figure 4.11 and 4.12 respectively. In the left panel of the figure 4.11
we see the threshold scans for MAPMT photon detectors for each of the four
quadrants in the threshold range 3.5 to 10 f C and in the right panel we see
the same scan over a broad range of 5 to 105 f C. It is clear that already with
a threshold level of 7 f C the number of hits per quadrant is very low. This
threshold value can be extended furthermore with no effect on the number on
background signal which stay in the average value of (25/(144x16)) per event
namely approx 1% of background photon hits coming from the MAPMT sys-
tem.
The low background level resulting whe the detector is operated with beam
is clearly seen in the right panel of figure 4.12, where the peak in the time dis-
tribution of Cherenkov photon events can be easily appreciated over the low
background outside the −10 to +10 ns time window. A more stringent cut
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on the time window for Cherenkonv ring reconstruction at software recon-
struction helps improving the detector response in rejecting the background
hits. This essentially enhances the background separation of physics events
(see figure 4.13). Furthermore the four quadrants behave in a very similar
way concerning the noise threshold level as clearly seen in the left panel of
figure 4.12 where the threshold distribution for the 9216 MAPMT channels is
plot. This allows in fact to guarantee a uniform and homogeneous response
of the all 4 quadrants.
FIGURE 4.13: Mass spectra obtained combining the momen-
tum measured by the COMPASS spectrometer and the RICH
information, before (2004 data) in white and after in yellow the
RICH upgrade (2006 data). The pion, the kaon peak and the
proton peak are visible. The strong background suppression is
evident
4.3 Gaseous Photon Detectors: MWPC and MPGD
based
4.3.1 MWPC based gaseous photon detectors
MWPCs are used in the peripheral regions of COMPASS RICH-1 as single
photon detector[117]. Eight MWPCs are in use four of them are hosted in
Saléve side(2 up and 2 down) and 4 in Jura side (2 up and 2 down). MW-
PCs are a set of thin, parallel and equally spaced anode wires, symmetrically
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sandwiched between two cathode planes. For proper operation, the gap (l)
is normally three or four times larger than the wire spacing (s). The electrons
generated in the gas volume due to ionization drift toward the high field re-
gion following the opposite direction of the field lines. Near to the anode
wires an avalanche multiplication occurs. MWPCs can be used as photon
detectors. The schematic can be seen in figure 4.14. The gaseous photon de-
tector with a solid state photo-converter have been developed by the CERN-
RD26 collaboration [92, 93]. The MWPC is coupled with a cathode plane
consisting in a PCB segmented into pads and coated with CsI film with the
following parameters; 2 mm for each anode-cathode gap, anode wires with
diameter = 20 µm and pitch = 4 mm, cathode wires with diameter = 100 µm
and pitch = 2 mm. From the construction of all the PD component to the
assembly strict mechanical tolerances have been imposed. The MWPCs are
operated in pure methane.
FIGURE 4.14: Schematic of the MWPC based photon detectors
for COMPASS RICH-1
CsI has non-negligible quantum efficiency below 210 nm. Good qual-
ity quartz windows ensure the effective range of photon detection down to
160− 210 nm. The QE of the CsI photo-cathodes depends on the substrate
and production procedure: both have been optimised in the context of the
RD26 development. Presently, QE as high as about 28% at 170 nm is rou-
tinely obtained employing the plants and procedure developed at CERN.
Figure 4.15 shows the deposition of the CsI film on the readout pad of the
COMPASS MWPCs. Figure 4.16 shows the readout pads after CsI deposition
and the endeavours made to protect it from contamination.
The effective QE obtained in a gaseous detector depends on the gas used
and the electric field at the photocathode surface. If the photoelectron scat-
ters off elastically a gas molecule the back-scattering probability is high and
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part of the photoelectrons impinge back on the photocathode where they are
absorbed. Therefore, the effective QE is reduced. The characteristics of the
gas molecules and the value of the electric field accelerating the photoelec-
trons determine the elastic scattering rate and thus the effective QE. Both
parameters have been studied in the context of RD26 and newly explored re-
cently. The response in different gas atmospheres has also been reproduced
by simulations. At atmospheric pressure, the effective quantum efficiency in-
creases very steeply up to electric field values of about 1000 V/cm. At higher
field values, the increase rate versus field is reduced, even if it remains non-
negligible. The highest quantum efficiency is obtained in pure methane or in
methane-argon mixtures, provided that the methane fraction is high (> 40%).
MWPCs have a basic structure for all applications. For COMPASS RICH-1
the MWPCs are equipped with reflective photocathodes. This solution is pre-
ferred over the semitransparent photocathodes because the reflective photo-
cathodes result in a larger photoconversion rate. In fact, the semitransparent
photocathodes require the application of a thin metallic film; which absorbs
photons to keep the entrance window at a fixed potential. As the probabil-
ity of the conversion is highest at the entrance surface of the photoconverter
hence the probability of photoelectron absorption is lower in a reflective pho-
tocathode. Moreover, the thickness of the coating layer is not critical in the
reflective configuration and this fact opens the way to the realization of large
surface detectors. The detectors have been operating for more than 15 years.
The performance and experience of the CsI coating have been studied in de-
tail [118].
FIGURE 4.15: CsI deposition on the MWPC readout pads at
CERN
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FIGURE 4.16: Left: CsI deposited MWPC readout pads. Right:
Endeavors during the installation of the detectors using con-
trolled glove box
FIGURE 4.17: Left: THGEMS to be coated with CsI Right:
CERN CsI deposition facility
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FIGURE 4.18: Measurements related to the related QE of the
coated THGEMs
4.3.2 MPGD based single photon detection for RICH-1
PHENIX-HBD [35] has successfully used the Micro Pattern Gaseous Detec-
tors based PDs, in the form of triple GEMs operating in windowless mode,
in pure CF4 gas. Over a wide wavelength range (108-200 nm) Cherenkov
photons are converted by the CsI layer on the first GEM and large read-
out pads (6.2 mm2) provide 5 to 10 photons per ring. The eight years old
dedicated R&D programme to develop MPGD based single photon detec-
tors at narrower wavelength range has been successfully completed and 4
MWPC detectors of the COMPASS RICH-1 have been replaced with MPGD
based single photon detectors of hybrid structure, consisting of two layers of
THGEMs and one MM [119, 120, 121, 122, 123].
THGEMs [124, 125, 126, 127] are derived from the GEM design, where the
geometric parameters are scaled and standard printed circuit boards (PCB)
are used instead of the GEM foils. The geometrical parameters have been
thoroughly optimised and their performance have been studied in detail
[100].
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FIGURE 4.19: Schematic of the THGEM-MM based hybrids in
COMPASS RICH-1
The hybrid detector architecture.
The schematic of the hybrid PDs is shown in figure 4.19. Each photon de-
tector has an active area of 600 × 600 mm2 and is formed by two identical
modules of 600× 300 mm2, arranged side by side. They consist of two lay-
ers of THGEMs one bulk MM, and two planes of wires. A CsI layer of 300
nm thickness on the top of the first THGEM electrode acts as a reflective
photocathode for VUV photons. All the THGEMs have identical geometrical
parameters: thickness 470 µm, hole diameter 400 µm, pitch 800 µm. Holes are
produced by mechanical drilling and have no rim, viz. there is no metallic
clearance area around the hole. The diameter of holes at external borders is
500 µm in order to avoid an increased electric field in the peripheral THGEM
holes. The top and bottom electrodes of each THGEM are segmented in 12
parallel sectors separated by 0.7 mm clearance area. 1 GΩ resistor electrically
decouples one sector from the other. Six consecutive sectors are grouped to-
gether and fed by independent high voltage power supply channels [128,
129].
A wire plane made of 100 µm diameter wires with 4 mm pitch is located
4.5 mm away from the quartz window, which separates the radiator gas
volume from the detector volume. It collects the ions generated above the
THGEMs. A similar wire plane, installed 4 mm from the CsI coated THGEM,
is biased to a suitable voltage to maximise the extraction and collection of
the converted photo-electrons into the THGEM holes where they start the
avalanche multiplication processes. The electron cloud generated in the first
multiplication stage is driven by a 1.5 kV/cm electric field across the 3 mm
transfer region to the second THGEM, where thanks to the complete mis-
alignment between the two layers, it splits among two or three holes, where a
second independent multiplication process takes place. Finally, the 0.8 kV/cm
field across the 5 mm gap to the bulk MM guides the charge to the last multi-
plication step in the MM. Pillars with 300 µm diameter and 2 mm pitch keep
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the micromesh ( 18 µm woven stainless steel wires, 63 µm pitch) at 128 µm
distance from the anodic plane. The intrinsic ion blocking capabilities of the
MM as well as the arrangements of the THGEM geometry and fields grant
an IBF on the photocathode surface lower or equal to 3% [130, 131, 132, 133,
134].
Production of THGEMs and quality assessments of the hybrid photon de-
tector components.
The THGEMS were produced from halogen-free raw PCB foils (EM 370-5 by
Elite Material Co, Ltd.). A selection of the raw material based on homoge-
neous thickness, is needed in order to ensure homogeneous gain: a foil is
accepted when (thmax − thmin) ≤ 15 µm, where thmax, thmin are the maxi-
mum and minimum of the measured thickness values. The selected foils are
mechanically drilled by ELTOS S.p.A. using a multi-spindle machine.
A dedicated polishing method was applied to get rid of drilling residuals in
the holes and to make the hole edges smooth, and to refine the surface pol-
ishing.
THGEMs were validated by measuring gain uniformity, breakdown voltage
and discharge rates when illuminated by X-ray source.
The quantum efficiency of the CSI photocathodes was measured in the CsI
evaporation plant and it is compatible with the maximum Q.E. values ex-
pected. The figures 4.17 and 4.18 show the THGEMs prior to the CsI coating,
and the measurements performed at the CERN CsI deposition facility.
Performance
The new hybrid PDs have been installed on COMPASS RICH-1 and com-
missioned during 2015-16 Physics Run. They operate at a gain of 15-30K in
Ar : CH4 50 : 50 gas mixture. The σnoise is∼ 1500 e Electron Noise Equivalent,
which ensures high efficiency in single photo-electron detection. A detailed
characterization of the newly installed photon detectors has been done and
is reported in the following chapter .
4.3.3 Readout pads for gaseous detectors
The virtual size of the pads for the MWPC and the Hybrids are the same. It
is 8× 8 mm2 which is 30 µm thick Cu pads. For the MWPC the Cu dimension
7.7× 7.7 mm2. The separation between two Cu pads is 0.3 mm. The finite size
of the pad leads to an uncertainty in the reconstructed Cherenkov angle. The
pads are distributed in an uniform way. The uncertainty due to granularity
is therefore
(σθ)pad−size =
s
f
√
12
(4.2)
Where s is the pad size and f is the focal length of the mirror. In COMPASS,
we have the mirrors with focal length 3300 mm, which makes the (σθ)pad−size
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for the gaseous detectors to be 700µrad. 72× 72 readout pads are used for
each MWPC. Four pads at the corners are not sharp edged like the others.
Those four pads are rounded at the edge of radius 0.3mm. In order to shape
the field externally to the virtual pads a 1 mm Cu strip is present. The strip is
at 0.15mm from the border of the virtual pad. The virtual pad area is there-
fore 72× 72× 8× 8 = 576× 576 mm2. This is the dimension of the active
area of the MWPCs. The effective area of the PCBs is 580× 580 mm2.
If we assume a cathode coordinate system with origin at the centre of the
PCB, and the Z direction is the normal to the pad plane, then the borders of
the PCB are at (±290,±290) mm from the centre. This centre of the cathode
is an input for the reconstruction software. If the coordinates of this centre
are know in the lab frame, the coordinates of the centre of any pad of the
cathode can be estimated, by transforming the information into the detector
frame of reference. If we have an iterator xi and yj, then the centre of the pad
is at [(8i− 4), (8j− 4)] mm from this hypothetical centre. Each of the indices
runs from−35 to 36. The distance between the nearest Cu pad borders of the
neighbouring cathodes is 26.3 mm.
The charge generated by the multiplication process of the hybrids is col-
lected by 7.5× 7.5 mm2 anode pads which are biased at positive voltage and
facing the grounded micromesh. This segmentation results in 4760 readout
channels for detector. Each anode pad is biased through an independent
470 MW resistor. The signal is capacitively induced on a parallel buried pad
and read out by the front end electronics based on the APV25 chip.
A future electron ion collider (EIC), which is believed to answer precisely
to many fundamental questions regarding the spin contributions of the par-
tons to the total nuclear spin, emergence of hadrons from dense quark-gluon
system etc will need to identify high momentum hadrons in the final state.
The collider setup will impose the RICH to be compact. In the experiments
where the high momentum hadron PID is essential and strict constraints on
the available space are present and hence for the RICH a restriction in choos-
ing a large radiator size and mirror with large focal length, the possibility is
to go for smaller pad size. An intense R&D activity has been done at Trieste
INFN laboratory in this direction to minimise the pad size. I have taken part
in the lab activity and the beam test activity for this project [135].
4.3.4 APV based electronics
The APV25-S1 chip [136] is a 128-channel preamplifier/shaper ASIC with
analog pipeline, originally built for the CMS silicon micro-strip tracker[137].
COMPASS has successfully implemented APV25 chips for the GEM, silicon
and pixel MM, tracking detectors [138, 56]. Its peaking time is adjustable in
a wide range from 50 to 300 ns, opening the possibility to use the APV25-S1
to read “slow” detectors such as MWPCs. The amplifier output amplitudes
are sampled at a frequency of 20 or 40 MHz and stored in a 192 cells analog
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pipeline. When an event is triggered, the signals from cells to be read are
multiplexed into a single differential output. In order to obtain timing in-
formation, two additional samples on the rising edge of the signal are read.
The time gap between these individual samples can be varied in steps of 25
ns, depending on the shape of the input signal. For the RICH MWPCs, the
sampling step size is set to 150 ns. A 10-bit flash ADC digitises the multi-
plexed analog data stream from each APV25-S1 chip, and a FPGA performs
on-line zero suppression. In order to match the form factor of the present
RICH front-end cards, four APV25-S1 chips, each reading 108 RICH pads,
are included in one front-end card. Three front-end cards are then connected
into one ADC module.
4.4 The Cooling system
The readout cooling system is an essential part of the COMPASS RICH-1. It
controls the temperature of the read-out systems of the MAPMT , the CsI
MWPCs and the Hybrid PDs. It has been designed to avoid too high tem-
perature of the electronics components.The cooling system is based on the
under-pressure circulation of temperature controlled water.

73
Chapter 5
Characterization of the Hybrid
Photon detectors
5.1 Introduction
For the first time in a running experiment THGEM-MM based hybrid PDs are
implemented as single photon detectors in a RICH for hadron identification.
The motivations of the upgrade include: better stability, reduced IBF, larger
gain, comparable number of photons and single photon resolution. The anal-
ysis of the data taken for the characterisation of the hybrid PDs is unique
and has never been done before. The newly installed hybrid PDs were in
commissioning phase in 2016 [139]. Between the end of 2016 and mid 2017
I spent time for detail understanding of the reconstruction algorithm and
looking into the online performance of the hybrid PDs. I developed an anal-
ysis framework with Yuxing Zhao during these period in order to achieve
a systematic characterisation of newly installed detectors. The data analy-
sis framework for the characterisation is written in C++. It is a lightweight
software. Three important properties have been studied : The gain of the
photon detectors extracted from real data and its stability in time, the photon
angle resolution and number of photons in different Cherenkov angle bins.
Furthermore, I modified the reconstruction software to extract the time infor-
mation for the signal formation of the detector, to study its time resolution.
Precise knowledge of the time information can be used in future for further
reduction of the out of time photons.
In 2016-2017 the data taking was mostly focused on the DVCS program where
the primary objective is to look at the final state photon and the recoil pro-
ton, therefore the trigger was designed such that the final state particles in
the very forward region are selected. We organised and setup a dedicated
pion run in order to illuminate the newly installed detector in the peripheral
region. The COMPASS collaboration allowed us to be the main users of two
days of negative pion beam run fully dedicated for calibrations and charac-
terisations. We choose to use pion beam since the strong interaction between
pion and the proton target generates more final state hadrons, mostly pion,
and covers a wide phase space. I developed a specific but simple trigger
system to ensure that the hybrid detectors were well illuminated.
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5.2 Hybrid PD Characterisation Trigger
To set up the special RICH hybrid characterisation trigger, I have taken into
account the constraints imposed by the the geometry and threshold of the
triggering elements, the allowed beam intensity and energy and the limita-
tion of the data acquisition system. The event rate (NE) of particle production
is given by:
NE
∆T
= L.σ (5.1)
where ∆T is the measure of convenient time unit, can be spills like our case.
L and σ are respectively the luminosity and interaction cross-section. The
luminosity for a fixed target experiment takes into account both target and
beam information:
NE
∆T
= Φρlσ
In this equation Φ, ρ and l are the incoming particle flux, density of target
particles and length of the target respectively.
For our run in 2016-2017 we had used an unpolarised proton target. We
have a 2.5 m long cylindrical volume filled with liquid hydrogen described
in the section 2.2.2 of chapter 2. The density of liquid hydrogen is 71 g/l [18].
We used a pi− beam with 160 GeV/c nominal momentum. The pion beam
flux recorded in the ion chamber was ∼ 2.4× 106 per spill. The COMPASS
centre of mass energy (
√
s) is given by 17.88 GeV/c. At 17.88 GeV/c the total
cross-section for pi−p is 24 mbarn = 2.4× 10−26 cm−2 [18].
L = 71× 250× 2.4× 106 × 6.2× 1023 cm−2spill−1
L = 2.7× 1031 cm−2spill−1
Therefore the expected event rate is 2.4× 10−26 × 2.7× 1031 spill−1, which is
0.65 million events/spill.
FIGURE 5.1: Schematic side view of the hybrid characterisation
trigger set up
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To illuminate the hybrids we need to illuminate the angular region 100−
200 mrad as shown in shown in figure 5.1.The trigger could select roughly 5%
of the interactions on the bases of out coming hadron angle. We used the ba-
sic trigger logic scheme used for ECAL0 calibration for our characterization
and set the thresholds of the HCAL1 modules according to our need as illus-
trated in figure 5.2. In the figure the green color corresponds to the HCAL1
modules which covers our expected illumination region for the hybrids and
the blue one for the peripheral MWPCs.
FIGURE 5.2: Front view of the HCAL1 cells used for hybrid
characterisation trigger
The trigger condition ensured that there was an interacting beam: signal
from beam trigger and no signal after beam stopper. This logic was in coinci-
dence with the HCAL1. To maximise the data taking efficiency a threshold of
∼ 4 GeV was applied in the HCAL1 for the trigger layer1 which is the white
region of figure 5.2. With this condition the measured trigger rate was 20 K
per spill, slightly lower than the expected trigger rate of 32 K computed be-
forehand. In total of 6408 spills were collected with pion beam, out of which
5429 spills were usable for Hybrid PD characterisation. We can follow table
5.1 and figure 5.3 for the number of spills used for different tasks performed
during the pion data taking and the number of spills collected to perform the
characterisation of the new detectors.
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Task Spills
Voltage Scan 240
Drift Scan 390
Others 51
Latency Scan 90
Test 70
pi Data for analysis 5429
Empty 138
TABLE 5.1: Table displaying the number of spills used for dif-
ferent purposes.
V Scan
4%
D Scan
6% Others
1% L Scan
1%
Test
1%
pi Data
85%
Empty
2%
V Scan
D Scan
Others
L Scan
Test
pi Data
Empty
FIGURE 5.3: Comparison between collected and usable data.
5.3 Tuning and alignment
Prior to the analysis a very careful alignment and refractive index tuning has
been performed. These studies have pointed to some required modifications
of the geometrical description of the RICH-1, I have discussed the required
modifications in the following chapter in details.
The knowledge of the refractive index of the radiator gas is an essential
parameter for the particle identification; the estimation its value from the real
data is an extremely powerful tool for monitoring the overall consistency of
the detector description. From the real data the momentum (p) is measured
by the spectrometer and for each photon the Cherenkov angle θ is measured
by the RICH. These two independent measurements estimate the refractive
index of the radiator gas with an hypothesis of the particle mass.
n =
√
p2 + m2pi
p cos θ
(5.2)
The sigma of the refractive index is related to the single photon resolution
and the momentum resolution. During the analysis we found that the upper
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and lower detectors do not provide consistent values of the refractive index.
The problem was addressed by surveying the detector positions to obtain a
modified geometry and later by a data driven estimation of the global po-
sitioning of the mirror. This major exercise was followed by a consistency
check which allowed us to get back the refractive index according to expec-
tation. The analysis presented in this chapter includes all the needed correc-
tions.
In the gaseous detectors we have limited momentum coverage. Therefore,
I estimated the shape of the background and then the signal has been esti-
mated by subtracting the background bin by bin. In figure 5.4 we have plot-
ted the histogram of refractive index extracted from each measured photon
angle by the cathode 2 hybrid detector. An estimated background has been
extracted bin bin bin and a Gaussian is fitted around the peak of the signal.
They are consistent. During the pion run data taking the RICH was filled
with N2 gas. The fraction of C4F10 present inside the radiator during the pion
data taking is roughly 70− 75% of the total radiator volume. The plotted re-
sult is obtained after the RICH tuning which has been discussed in detail in
chapter 6.
FIGURE 5.4: The (n-1) histogram for the refractive index of a
hybrid detector, namely cathode 2
5.4 Effective gain of the hybrid PDs
Determination of the gain of the detector is very much related to the recon-
struction of the shape of the signal generated by the detector. The gaseous
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detectors are read out by APV25 chips, once a trigger is received after a la-
tency time the APV25 chips provides three sample of the signal each at 150 ns
interval along with the channel id of the APV25 chip to the daq, these are the
relevant information for the detector signal. They are conventionally known
as A0, A1 and A2 where, ideally A0 is the rising point of the signal, A2 is the
peak point and A1 is exactly at the middle of A2 and A0. These three infor-
mation are fed to the reconstruction software to determine the shape of the
signal at a particular channel. At the reconstruction level if a channel passes
the cut (A0 < A1 < A2), it is considered as a hit, namely a pad with phys-
ical signal and not a noisy pad. After this selection a clustering method is
applied which I have described in the description of the RICHONE software.
In the clustering algorithm adjacent to the pad with the maximum signal
’connected’ pads are searched. The A2 of the pad with maximum signal is
passed to the photon object as the signal information, which is according to
our APV25 calibration in the unit of about 300 equivalent electrons per ADC
channel. The distribution of the A2 is expected to be an exponential distri-
bution due to the fact that it comes from single Cherenkov photo-electron
multiplication in Gaseous detector as can be seen in figure 5.5.
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FIGURE 5.5: Histogram of signal amplitude in ADC units for
one run are shown in four panels. Top left: Cathode 2 Jura Top
Hybrid; Top right: Cathode 4 Saleve Top Hybrid; Bottom left:
Cathode 11, Jura Bottom hybrid and Bottom right: Cathode 13,
Saleve bottom hybrid.
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The value of the gain and the associated error have been extracted from
the fit parameters according to the following equations.
gain = 300 ∗ 1/p0
δgain = 300 ∗ 1/p20δp0
(5.3)
The first part of the equation 5.3 describing the estimation of the gain and the
following part is the error associated to it. The gain values extracted from the
whole pion data taking are summarised in the following table:
Cathode Average Effective Gain
2 ∼ 14000± 200
4 ∼ 14200± 250
11 ∼ 12500± 300
13 ∼ 14700± 300
The gas electron multiplication depends on the Townsend coefficient, which
is the inverse of the mean ionisation length. The mean ionisation length de-
pends on the thermodynamics conditions of the gas. The effective gain de-
pends on the product (E TP ), so a 1% variation in the T/P can be compen-
sated by a 1% variation in the field E. As for the THGEMs and MMs the
field is proportional to the applied voltage difference with different propor-
tionality constants, a correction in the applied voltage is made to compensate
the change in the variation in the environmental temperature and pressure.
The variation in the values of the pressure and temperature of the gas in-
side Jura Top hybrid during the two days of pion data taking can be seen
in figure 5.6 and figure 5.7 respectively. These fluctuations in the absence
of the high voltage correction would have induced a gain variation larger
than 15%. Followed by a detail study [129, 128] an automatic voltage cor-
rection has been implemented into the high voltage software. With respect
to a reference temperature and pressure a correction factor is computed and
whenever the correction implies a one per mil change in the voltage value
the voltage is adjusted accordingly. In the data structure of RICHONE tree
the effective gain can be measured run by run. In figure 5.8 we have plotted
the average effective gain of the Jura Top hybrid for each pion run versus
the run number. The plot displays the time evolution of the average effective
gain for Jura Top hybrid and shows that the gain is stable within 2% level.
In figure 5.9 the same average effective gain values are plotted versus the av-
erage of the correction terms within the corresponding run. The associated
error bar along X shows the spread of the temperature and pressure correc-
tion factor. The error associated to the determination of the average effective
gain is computed by propagating the error on the statistical effects only. We
can see that the gain remained stable with an rms of about 2% of the gain for
the pion data taking, corresponding to a reduction of fluctuations by almost
an order of magnitude with respect to the situation without correction. The
same conclusion has been obtained for data taken over the whole year.
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FIGURE 5.6: Variation of gas pressure recorded for Jura Top
hybrid during the pion data taking
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FIGURE 5.7: Variation of gas temperature recorded for Jura Top
hybrid during the pion data taking
The gain showed stability within the error limit.
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FIGURE 5.8: Average effective gain values of the Jura Top hy-
brid versus run number
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FIGURE 5.9: To stabilise the variation in the gain due to temper-
ature and pressure fluctuation in the environment, the voltage
is adjusted to compensate the change. Similar gain values at
different correction factor suggests the gain remains stable for
the pion data taking
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5.5 Single Cherenkov Photon angle resolution
High single photon resolution is one of the decisive parameters for efficient
particle identifications. Therefore estimation of the single photon resolution
is a key exercise for the characterization of a single photon detector. In the
reconstruction algorithm each cluster is associated to a Cherenkov and az-
imuthal angle. Selecting pion like tracks, we can calculate the resolution
of single photon detection of the Hybrids. The residual of the constructed
Cherenkov photon angle is given by:
θpi = arccos(
p
p2 + m2pi
np
)
Dtheta = θph − θpi
(5.4)
If the refractive index is correctly set the distribution of the residuals will be
centered around zero and distributed like a Gaussian. The sigma of the fit
gives an estimate of the resolution of detecting single photon in mrad unit.
In order to estimate the single photon resolution, I used a selected set of
tracks identified as pions by the RICHONE PID algorithm which will be ex-
plained in detail in Chapter 7. The pion samples were relatively pure. We
assumed that the pi-p interactions have pion enriched final states, and fil-
tered out events with highest likelihood value less than 1.2 times the second
highest hypothesis. In figure 5.10 we see the histograms of the single photon
angle residual for individual hybrid PDs for a particular run. In figure 5.11
histogram for the photon angle residual of all hybrids combined together are
plotted. The resolution is found to be 1.83± 0.01mrad.
Entries  125733
Mean  0.03945− 
RMS     2.819
 / ndf 2χ
 31.67 / 19
Constant  27.6±  6408 
Mean      0.007795± 0.008921 
Sigma    
 0.010± 1.844 
)[mrad]piθ - phθ(
20− 15− 10− 5− 0 5 10 15 200
1000
2000
3000
4000
5000
6000
Entries  85551
Mean  0.1411− 
RMS     3.318
 / ndf 2χ
  16.4 / 18
Constant  23.0±  4251 
Mean      0.009401±0.001879 − 
Sigma    
 0.012± 1.755 
)[mrad]piθ - phθ(
20− 15− 10− 5− 0 5 10 15 200
500
1000
1500
2000
2500
3000
3500
4000
Entries  64310
Mean  
 0.03568
RMS     4.042
 / ndf 2χ
 33.23 / 19
Constant  18.1±  2734 
Mean     
 0.0124± 0.1497 
Sigma    
 0.02±  1.88 
)[mrad]piθ - phθ(
20− 15− 10− 5− 0 5 10 15 200
500
1000
1500
2000
2500
Entries  70383
Mean  
 0.03902
RMS     3.578
 / ndf 2χ
 19.54 / 19
Constant  19.8±  3267 
Mean     
 0.0110± 0.2583 
Sigma    
 0.014± 1.856 
)[mrad]piθ - phθ(
20− 15− 10− 5− 0 5 10 15 200
500
1000
1500
2000
2500
3000
3500
FIGURE 5.10: Histogram for the photon angle residual of hy-
brids. Top-left Jura Top (cathode 2), Top-right: Saléve Top
(Cathode 4); Bottom-left Jura Bottom (cathode 11); Bottom-right
Saléve bottom (Cathode 13).
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FIGURE 5.11: Histogram for the photon angle residual of all
hybrids combined
The MWPCs have the similar pad size compared to the hybrids. A sim-
ilar single photon resolution is expected. Nevertheless, the MWPCs beside
the Hybrids are affected by larger spherical aberrations. The situation can
be seen, when we analyse the individual cathodes. In the figure 5.12 it is
seen that, cathode id 0 (top-left plot) and cathode id 9 (bottom right plot)
have lower resolution compared to cathode id 1 and 8. These detectors are
significantly affected the by the spherical aberration.
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FIGURE 5.12: Histograms of the single photon residual for in-
dividual MWPC cathodes are shown. Top Left corner: MWPC
cathode id 0, top-right: MWPC cathode id 1, bottom-left:
MWPC cathode id 8; bottom-right: MWPC cathode id 9.
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FIGURE 5.13: Histograms of the single photon residual for all
MWPC cathodes combined are shown.
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FIGURE 5.14: Event display showing rings in the Hybrid. Left:
fully contained ring in the hybrid, right: ring shared between
the MAPMTs and the hybrids.
The global resolution of the MWPCs is 1.85± 0.01mrad, which is similar
to the Hybrid ones, as can be seen in figure 5.13.
5.6 Study of the number of photons per ring
The average number of photons per ring is proportional to the square of
the sine of the Cherenkov angle. The observed number of detected photons
shows the behavior expected according to the Frank and Tamm law. The
Frank and Tamm law has been described in chapter 3. This expected behav-
ior can be seen in figure 5.15 where the points marked by crosses represent
the measured numbers of photons, while the open circles represent the num-
bers corrected for the effect of the non negligible probability of a statistical
outcome of zero photons when the average is very small. Although, the trig-
ger was designed to optimise the illumination in the hybrid detector region
the statistics of fully contained ring in the hybrid is insufficient for a detailed
study.
Most of the photons in the hybrid detector belong to rings which are
shared between the MAPMTs and the hybrid detectors. Figure 5.14 shows
a typical fully contained ring in the hybrids and also a typical ring which is
shared between hybrids and MAPMTs. The sample of shared ring is richer
in statistics. To increase the statistical accuracy of the estimate, the shared
rings are used too, provided at least half of the ring corona is contained in
the active area of the novel hybrid PD. The RICHONE ring reconstruction
combines the information from the gaseous detectors and the MAPMTS to
provide the ring parameters. The details of the ring recognition are men-
tioned in appendix C. The horizontal axis of all the number of photon figures
refers to the global reconstructed ring angle. The vertical axis instead refers
to the number of photons found in the half corona inside the hybrid detector
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multiplied by two. We expect the histogram to be a sum of background con-
tribution proportional to the area of the corona and the quadratic Frank and
Tamm signal.
f (θ) = p0sin2(θ) + p1θ (5.5)
For instance, in figure 5.15 the crosses represent the observed average
number of photons multiplied by two. For each bin of the Cherenkov an-
gle values the number of photons in the half corona is distributed according
a Poisson distribution. The events with no hits in the hybrid half corona
will not enter into the histogram, therefore, the crosses are the average of
the nonzero part of the Poisson distribution. The circles represent the cor-
rected average of the full Poisson distribution taking also into account that
the probability of a photon being detected in the correct half of the ring has
Binomial distribution. The circles therefore represent the best estimation of
the number of photons for each theta bin. The fit described in equation 5.5 of
the corrected distribution with a quadratic (Frank- Tamm) + linear (random
background) function is then performed in the range of Cherenkov angles
where high statistical accuracy and small correction effects are present. Pa-
rameter p0 and p1 are the coefficients of the signal and the background terms
respectively. The Frank and Tamm plot for cathode 2 and cathode 4 are pre-
sented in figure 5.15 and figure 5.16. The full characterisation has been per-
formed only for the top two hybrid detectors. The quality of the fit is good
and the parameter values do not depend significantly on the fitting range
for both detectors. For cathode 2 the curve shown in figure 5.15 provides a
value of 13.6 hits at a Cherenkov angle value of 55.2 mrad, which is the tradi-
tional reference Cherenkov angle value at saturation for CsI photoconverter
and a C4F10 radiator at s.t.p.; the number of detected photons from the fit is
∼ 12.0± 0.7 and the background contribution is ∼ 1.6± 0.6.
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FIGURE 5.15: The number of photons per ring versus
Cherenkov angle of the ring. The parameters have been ex-
tracted fitting the range 40-47 mrad, for cathode 2
The total number of photons per ring when extrapolated to 55.2 mrad is
found to be 13.6, where the signal part of the function contains 12.0 +/- 0.7
number of photons and the background part of the function contains 1.6 +/-
0.6 number of photons.
In figure 5.15 we see that after the saturation angle we do not have the pres-
ence of signal term anymore. The background term is seen to be increasing
with the ring θ linearly.
Similarly for cathode 4 we have obtained the numbers: The number of
photons per ring when extrapolated to 55.2 mrad is 10.3, where the signal
part of the function = 10.1 +/- 0.8 number of photons and the background
part of the function= 0.2 +/- 0.60 number of photons.
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FIGURE 5.16: The number of photons per ring versus
Cherenkov angle of the ring. The parameters have been ex-
tracted fitting from 40-47 mrad, for cathode 4
An independent estimate of the noise fraction can be obtained from the
distributions of all the hit amplitudes for the photons within the theta ring
range used for the fit (40-47 mrad). The amplitude distribution is fit in a
stable range. The fitting curve is extrapolated down to the first bins. The bin
contents of the first bins are added and the difference between this sum and
the extrapolated integral is defined as the noise. The ratio of the noise over
the total entries is computed as the noise fraction.
The fit also provides an estimate of the noise fraction in the fitting range
(40,47 mrad). The integral of the fitted part of the background over the total
integral in the fitting range gives an estimation of the noise fraction. They are
compatible for both hybrids. Table 5.2 summarises the results.
Noise Fraction
Top Cathode Jura Saleve
From Frank and Tamm fit 0.19 0.30
Amplitude Spectra 0.20 0.26
TABLE 5.2: Noise Fraction of the top two hybrids
We do not expect the number of photons to be exactly the same for the
cathode 2 and 4, since we know that the relative quantum efficiency of the
coated CsI is slightly different and also the single photoelectron detection
efficiency, defined in equation 5.6, is different. The single photon detection
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efficiency () can be computed from the threshold channel by channel.
 =
∫ ∞
0
1
g
exp[−(x/g)]dx
 =
∫ th
0
1
g
exp[−(x/g)]dx +
∫ ∞
th
1
g
exp[−(x/g)]dx
 = exp[−th/g]
(5.6)
where th is the applied threshold and g is the operating gain of the detector.
The quantity  can be computed from channel by channel threshold values.
The average of the distribution is used for our used quantity. The histogram
has been shown in figure 5.17
FIGURE 5.17: Histogram of the single photoelectron detection
probability for cathode 2 and cathode 4.
In table 5.3 we see that the product of <QE> and  has been normalised to
cathode 2.
J S
QE 1.12 1.01
 0.690 0.706
QE. 0.773 0.713
norm 1 0.92
NexpPh = normX12 12 11.1
NObsPh 12± 0.7 10.1± 0.6
TABLE 5.3: Consistency in extracted number of photons for top
two hybrids
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The observed numbers of photons for the hybrids are consistent.
5.6.1 A comparison with the MWPC
A similar exercise has been performed on the two MWPCs to have a compar-
ison.
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FIGURE 5.18: Cherenkov angle versus number of photon plots
for MWPC detectors
For the MWPC cathode 1, the optimal fitting range is (30-42 mrad) the sig-
nal part of the function is 11± 0.2 and the background part of the function is
2.5± 0.1. For cathode 8 in the same fitting range 8.4± 0.2 photons have been
detected as the signal and 3.0± 0.1 as background. The number of photon
distributions for the MWPCs can be seen in figure 5.18. In the figure the left
panel corresponds to cathode 1 and the right panel corresponds to cathode 8.
5.7 Time resolution
A test has been made to extract the time resolution of the hybrid detectors
from the existing data. The difficulty is to define the time resolution itself.
I adopted a method to roughly estimate the time resolution of the hybrid
detectors. The algorithm to extract time information is based on 3 signal am-
plitudes of the APV readouts. The inclusion of the trigger time uncertainty
in the RICHONE ROOT tree level is not straightforward, therefore this esti-
mation of the time resolution is only approximate.
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FIGURE 5.19: An example of three signal samples
(A0, A1andA2) of APV-25 chip versus time
If A0, A1 &A2 are assumed to have linear dependency and we extrapolate
the fit at 10% of the A2 amplitude, which is chosen empirically, then the time
(t) for the signal formation can be written as:
t =
(0.1 ∗ a2 − p0)
p1
(5.7)
The sigma of this extrapolated time distribution (σt) does not depend on the
choice of the point at which the time is extrapolated. In figure 5.19 we see
a typical linear fit using the three signal samples. For different values of A2
the σts can be extracted. In equation 5.7, a2 is the amplitude of the A2 sample
and p0, p1 are the usual parameters of first order polynomial fit. In the cur-
rent RICHONE software, the absolute time (t0) based on the trigger, to which
the APV25 signal time should be compared, is not stored. The phase of the
trigger can be assumed to be randomly distributed and the corresponding
uncertainty contribution can be subtracted by deconvoluting the quadrature
sum. The sigma of the time distribution presented here contains the trig-
ger phase uncertainty and an overestimation of the signal jitters due to the
underestimation of the rising slope of the signal. Anyhow, the goal of the ex-
ercise was to check if an effort in future can be made to modify the RICHONE
such that the time uncertainty in the signal formation can be extracted from
the APV25 signal samples, so that when it is compared to the absolute time
(t0) we obtain the absolute time resolution of signal formation of the hybrid
PDs.
Figure 5.20 shows the distribution of the time of signal formation at different
A2 binning.
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FIGURE 5.20: Histograms at different signal amplitude binning of time distributions. We have plotted the time informa-
tion obtained from equation 5.7 along the X axis
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The sigma of each distribution is plotted versus the corresponding A2 sig-
nal amplitude; the error is associated to the error of the fit times the χ2/NDF.
The average time resolution is 8.8± 0.1 ns which is significantly lower than
the corresponding MWPC one [136]. This will allow us to select a smaller
time window where to search for ring photon signals, enhancing the back-
ground rejection. In figure 5.21, we see the dependence of the time resolution
with the signal size. We can identify the hump around 250 ADC channel,
which corresponds to the saturation of the ADC channels.
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FIGURE 5.21: The ADC amplitude versus sigma fit of the time
distribution.
In conclusion we can say that the upgrade of the RICH with hybrid PDs
enabled to achieve several goals and overcome several limitations of the MW-
PCs previously installed. The new detectors have shown an improved stabil-
ity in time since at variance with MWPCs where in case of discharges some
sectors had to be turned off loosing completely the corresponding photon de-
tection efficiency these kind of events never appeared with the hybrid PDs.
This is due to the strong reduction of the IBF which has been restricted to be
below 3% level. Furthermore this level of low IBF extends the lifetime of the
CsI proportionally.
The detectors have also proven to be operated with a gain at least five times
larger than the MWPCs, while keeping a very low electronic thresholds cut
(3σ = 1500 ENC), with a gain stability in the order of 6% during the 8 months
of data taking on a remarkable surface of 4 times ∼0.4 m2.
The detected number of photons per ring is similar or larger compared to
the MWPCs one and the single Cherenkov photon resolution is similar. The
analysis outcome presented in this chapter is unique in the world: for the
first time it demonstrates that the THGEM-MM based hybrid PDs are suc-
cessfully operated in a running experiment for single photon detection.
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Chapter 6
Tuning status of COMPASS
RICH-1 for 2016-2017 run
6.1 Introduction
The RICH measures the Cherenkov angle for each single photon for each
track, as an example at the RICHONE level we have ∼ 10 million events
and ∼ 20 million tracks for one run. The knowledge of the refractive index
of the radiator and the measured momentum from the tracking are coupled
to the measured Cherenkov angle to estimate of the mass of the particle for
the PID using RICH method. If instead we assume the mass of the particle
emitting the photon, we can estimate of the refractive index of the radiator
from each single photon. The refractive index at a particular temperature and
pressure for a photon of particular wavelength range on an average should
not change event by event. Once a stable value of refractive index is retrieved
from the RICH data, the RICH can be assumed to be tuned. The refractive
index of the radiator depends on the temperature and pressure according to
the Lorentz-Lorenz equation [65].
n2 − 1
n2 + 2
µ
p(atm)
T(K)
(6.1)
A constant monitoring of the refractive index is an essential for the RICH
performance. Assuming, that the effects of the pressure and of the tempera-
ture gradients inside the RICH-1 vessel are negligible, the refractive indexes
are experimentally determined at fixed time intervals (namely every 24 h of
data taking) [140] and then the evolution of the index value is calculated as
a function of the pressure and of the temperature of the radiator, which are
continuously monitored.
In COMPASS, the events are mostly pi dominated, therefore the extraction
of the refractive index is performed by using the pi mass hypothesis. The
standard approach is to select tracks with momentum up to 30 GeV/c, and
for the monitoring purpose the estimate is technically expressed as (n-1) for
MAPMTs and gaseous detectors in ppm units. Two global indices are passed,
for the APV based gaseous detectors the refractive index values are in the
UV range and for the MAPMTs the refractive index values are in the visible
range. The technical estimation of the refractive index is done by estimating
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FIGURE 6.1: Example histogram of tuned (n-1) distribution of
COMPASS RICH in visible and UV range for 2016 data for
tracks up to 30 GeV/c
(n-1) from the measured photon Cherenkov angle [141]. The equation 3.5 can
be re-expressed as:
(n− 1) =
p
p2 + m2pi
cos θ.p
− 1 (6.2)
Figure 6.1 presents a typical histogram of the estimated (n-1) distributions
in the visible and UV regions, with central values around 1300 ppm and 1500
ppm. Along the horizontal axis the (n-1) value is plotted. The sigma of the
distribution is around 110 ppm for the MAPMTs. The sigma of the (n-1)
distribution is larger in the MAPMTs compared to the gaseous detectors, be-
cause the MAPMTs have larger pad size, a detailed account on the pad size
of the different detectors has been given in chapter 4. The RICH has been up-
graded in 2016, as mentioned in chapter 5 using MPGD based hybrid single
photon detectors. During the characterisation of the newly installed hybrids
detector, it was seen that the refractive index histograms are not consistent
with that of 2010 data. In figure 6.2, 6.3 we see although, the background
level is significantly different with respect to 2010 data the peak distribution
is severely distorted, in particular for the bottom MAPMT panels the devia-
tion was more severe. In figure 6.2 we can see for 2010 data: the left panel the
histogram of the (n-1) distribution for the MAPMTs and for the right panel
the (n-1) distribution for the gaseous PDs. In figure 6.3 we can clearly see
the global (n-1) distribution of the MAPMTs on the left panel and the (n-1)
distributions for the bottom two MAPMT panels for 2016 data. For all these
histograms the X axis plots the (n-1) values.
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FIGURE 6.2: Histograms showing the (n-1) distribution ob-
tained from 2010 data. Left: MAPMTs, Right: MWPCs in 2010
data taking
The 2016 trigger was set for DVCS physics program where the data is
collected in the very forward region, as already mentioned in chapter 5. The
RICH had most of the tracks in the MAPMT regions. The following figure
shows the distorted distribution of the (n-1) histogram.
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The search for the origin of the inconsistencies in the estimated refrac-
tive index of the RICH radiator was started by a performing campaign of
surveys to determine the detector position in the experimental hall, after
the upgrade of 2016. The RICH-1 was upgraded with novel MPGD based
photon detectors in 2016 but the detector frames are hosted in the chamber
frames of the MAPMTs. Therefore for the upgrade each of the four frames
was unmounted, the old MWPCs were replaced with the new PDs and were
reinstalled on the RICH.The CAD drawing presented in figure 6.7 shows the
scheme of the two detectors hosted in the same frame.
Several data points on the RICH surface were measured setting the origin at
the centre of the target. Figure 6.5 shows the region of the RICH where coor-
dinates were measured with special sensors.
In the following sections I will describe in detail the study made with the
survey data for the consistency checks and the final modifications made into
the detector mapping suggested by the survey analysis. Nevertheless, the
associated inconsistency has not been fully solved only by the survey. A data
driven method has been developed to check the global mirror position in the
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hall, and a different region of momentum to extract the refractive index had
been also improvised to finally cure the observed discrepancy in the refrac-
tive index of the radiator gas. A further consistency check post modification
RICH has been done in terms of PID. It will be mentioned in the following
chapter. The MAPMTs are the central detectors and hence mostly populated.
Therefore, we performed the analysis based on the MAPMT data.
6.2 Survey of the RICH
A survey campaign had been organised for the determination of the COM-
PASS RICH-1 detector positions in the spectrometer hall in collaboration with
the CERN Engineering Department, the survey report can be found at CERN
Engineering Data Management Service (EDMS). The survey was performed
during January, February and April 2018. Special adaptors were used for the
sensors used in the surveys. In figure 6.5, the left panel describes the points
where the survey data were taken to determine the detector position; on the
right panel, the upper section shows the dimensions and type of the survey
sensors used with the respective adaptors and the bottom section is an exam-
ple of real data taking situation. The survey used the following coordinate
system:
• Origin: centre of the nominal COMPASS target
• X axis: horizontal, along the beam line, positive in the beam direction
• Y axis: horizontal, perpendicular to the beam line, positive toward the
Jura
• Z axis: vertical, positive to the top
FIGURE 6.4: The reference system of the survey: The beam is
entering into the plane of the screen. The right hand side is the
Saléve mountain side, and the left hand side is the Jura moun-
tain side.
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The adaptors were prepared at the workshop of the University of Trieste.
The survey was done on the screw-holes of the frame of the PDs, electronic
cards and in the places with specific geometrical significance to measure the
coordinates and to extract back the position of the photon detectors. The co-
ordinates were measured with a precision of±0.3 mm the centre of the target
with one sigma level. A total of 174 data points had been measured all over
the RICH on the font and rear sides. An extensive analysis was done of the
data points afterwards to check the consistency with previous surveys and to
estimate the position of the detectors. In the figure 6.4 we see an example of
the the measured points and their nomenclature and the working reference
system. In the analysis of the survey data we have taken into account the fact
that the detector frames are not perpendicular to the beam direction. It has
an inclination of 150 mrad with respect to the Z axis, defined in the survey.
FIGURE 6.5: Left: Schematic of COMPASS RICH, the red lines
indicate the surveyed regions which give estimation to global
detector position, Right-Top: Survey sensors, Right-Bottom:
One example of real measurement set-up
The detector positions are fed into the reconstruction software CORAL
by means of a settings file called the detector.dat (detail description has been
given in describing the CORAL software package in chapter 3). For the
RICH, the centre of the detector frame and the relative positions of the cath-
ode with respect to the frame center are the inputs. The extraction of these
numbers was the goal of the survey. The MWPCs which were not touched
during the upgrade and the nominal RICH vessel position were used for the
consistency checks.
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6.2.1 Consistency Checks of Survey Data
In order to modify the detector.dat with the new values coming from the
analysis suggested by the survey exercise, I checked the quality of the data
obtained from the survey and its consistency with the nominal drawings. In
order to check the relative position of the MAPMTs and the newly installed
hybrids, it is important to retrieve back the nominal positions and dimen-
sions of some physical quantities which had remained intact before and after
the upgrade.
• The quartz window, which is common to all of the photon detectors, is
a reliable source of reference. The distance between the quartz window
and the outer edge of the electronics of the MWPC detectors is 79.5 mm
according to the CAD drawings. The details for this distance is shown
in the mechanical drawing of figure 6.6. The analysis of the survey data
provided us this value to be 79.9 mm and 79.6 mm for the bottom and
top MWPCs, respectively. Note that our survey precision was±0.3 mm.
• The nominal CAD drawing suggests that the distance between the outer
most part of electronics card of the MWPC and the Hybrid has a well
defined distance along the Z direction. If we assume the CsI plane of
the MWPCs as our reference, then detector plus front-end electronics
thickness, the numbers for the MWPCs, hybrids and the relative differ-
ences are well-defined numbers with respect to the reference. For the
MWPCs the values are 219.3 mm, according the survey the values are
219.6 mm and 218.9 mm respectively for the bottom and top MWPCs in
the Saléve sides. This exercise shows that the nominal values are within
0.4 mm considering the precision of the survey, which is ±0.3 mm, we
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can infer that these numbers are consistent. For the Hybrid PDs a sim-
ilar exercise had been performed. The nominal value of the detector
and the front-end electronics thickness for the Hybrid PDs has been
constrained by the CAD drawings to be 245.9 mm, the survey driven
analysis gave us this value to be 246.1 mm and 245.7 mm for the bot-
tom and top hybrid PDs. Again, within the survey precision we found
a good consistency. Finally, the nominal distance between the hybrids
and the MWPCs is 27 mm according to the CAD drawings. The survey
analysis gave us a result of 26.6 mm, considering the survey precision
associated to both the MWPCs and Hybrids, this is also in good agree-
ment with expectations.
• The nominal distance between the CsI plane of the hybrid to the frame
is 67.5 mm, the same for the MWPC is 52 mm, the delta distance between
them is a well known quantity, which is 15.5 mm. The survey data
suggested this distance to be 15.1 mm.
Figure 6.8 and 6.9 are the examples of the CAD drawings. All the nominal
distances are very well known from the electronics and from the screw-holes,
where the survey targets were placed. Following all these checks, we can in-
fer that the survey has shown a full consistency with the nominal values of
the geometry obtained from CAD drawings and mechanical designs. There-
fore, its suggested modifications can be implemented in the detector.dat file
with reasonable precision.
6.2.2 Modifications suggested by the survey analysis
The centre of the two unique detector frames in the top and bottom of the
RICH and the relative position of the individual cathode centres hosted there
from the center of that frame are the input of the detector.dat file. The coor-
dinates of the screws which hold the big frame hoisting the detectors to the
RICH-1, the screws holding the individual detector panels on the big frames
and the external most part of the electronic boards had been measured in the
survey. The survey data coupled with information of CAD diagram and the
mechanical drawings allow us to know relevant information of RICH for the
detector.dat. All of these coordinates are very well known in the CAD di-
agram and mechanical drawings. Each survey measurement is an indepen-
dent estimate of these relevant numbers. This information to be accompanied
by the knowledge of the physical size of the detector, relative distances be-
tween the edge of the cathode frames to that measured point, the pitch of
the detectors etc to make the input of the detector.dat free from ambiguities.
From figure 6.4 we can have a simplistic view.
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FIGURE 6.7: Sliced view of the MAPMTs and the Hybrids. The
unique quartz window, the lens system and the MAPMTs with
the electronics and the Hybrids with its APV based electronics
are displayed
FIGURE 6.8: Exploded view of Hybrid detector and the section
of MAPMT in CAD
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FIGURE 6.9: TOP view of the MAPMTs and the Hybrid, hosted
in the same frame
2.6 mm
4.3 mm
MAPMT lens
FIGURE 6.10: The mechanical drawing shows the CsI plane and
the MAPMT lens system.The survey suggested that the frames
are to be moved 4.3 mm is toward beam axis, 2.6 mm is upstream
outside vessel compared to the position of 2015.
As an example of the mechanical drawing of the upper half of the RICH
has been shown in figures 6.10 and 6.11. The displacements of the MAPMTs
centre position suggested by the survey analysis are shown with arrows.
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Beam
2.6 mm
4.3 mm
FIGURE 6.11: The mechanical drawing shows the CsI plane and
the MAPMT lens system.The survey suggested that the frames
are to be moved 4.3 mm is toward beam axis, 2.6 mm is upstream
outside vessel compared to the position of 2015.
The centre of the big frame and the individual cathodes were modified
according to the results of the survey. The survey analysis suggested that
the centre of the top and bottom big frames are to be re-positioned. Along
the beam both top and bottom frames are 5 mm downstream. The bottom is
3.6 mm toward Jura and the top is 5 mm toward Jura. The bottom frame is
4 mm lower and top frame is 1 mm lower. These information were coupled
with the MAPMT-Hybrid centre positions are a new table has been generated
and communicated with the COMPASS software and reconstruction group.
The changes in the detector.dat are shown in the changes can be seen in the
appendix D.
For the movement in the global detector frame centre position the mir-
ror centre coordinate was accordingly adjusted, assuming that the physical
distance between the detectors and the mirrors of the RICH has not changed.
6.2.3 Residual inconsistencies
The survey of the detector position has suggested important modifications in
the detector positions. After applying the required modifications we saw the
improvements in the status of the refractive index. The situation after this
correction became similar to the n-1 distribution obtained from 2010 data
with lower level of background, mainly due to the different physics cases.
However, two puzzling features were still present in the distribution. Firstly,
there are still miss-match in the refractive index values obtained from differ-
ent MAPMT cathodes. Namely, ∼ 50ppm discrepancy in the top and bot-
tom MAPMTs and also a residual discrepancy ∼ 20ppm in the Saléve-Jura
MAPMTs. Secondly, the globally averaged refractive index for the visible
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region is providing a value which is around 2% higher from the theoretical
value. A coarse method had been adopted to check if some further correc-
tions were needed to the detector positions, which may have not been esti-
mated by the analysis of the survey data. The goal of this exercise was to
estimate the optimal position, where the detector position is changed toward
and away from the nominal beam position and to obtain the Full Width Half
Maxima (FWHM) of the refractive index distribution for different MAPMT
cathodes. The minimal FWHM gives an estimate of the data driven opti-
mal position. However, it is not a best estimation. The nonlinear nature
of the background will not allow us to obtain the right value of FWHM as
seen in figure 6.12. Nevertheless, this analysis shows that the optimal posi-
tion of the top two MAPMTs are 5 mm toward the beam axis and the bottom
MAPMTs are 10 mm toward the beam axis w.r.t the surveyed position, figure
6.13 shows the outcome of the exercise. In figure 6.12 the (n-1) distributions
of all MAPMT cathodes are obtained by moving the detector frame centres
away or toward the beam pipe. The negative sign corresponds to the move-
ment towards the beam direction. Each curve refers to each movement.
In figure 6.13 the FWHM has been obtained from each curve, namely the
different (n-1) distribution and is plotted versus relative movement of the
detector frame centres. Despite the accuracy of the estimation, this optimal
position obtained by changing the centre of the detector frame position in
the geometry file is incompatible with the survey, which has been made with
a ∼ 0.3 mm resolution. Such a large deviation both for the top and bottom
MAPMTs from the survey position is likely to be impossible.
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FIGURE 6.12: The effect in the (n-1) distribution when the survey constrained positions (true position) is shifted by
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FIGURE 6.13: FWHM (in ppm units) of the (n-1) distribution
at different Z position of the cathode centers. Left panels: Jura
and Right Panels: Saléve
At this point we assumed that the alignment of the spectrometer plays a
role in this puzzle. Therefore I tried to see the effect of the (n-1) histograms
at different alignment and detector position conditions. I used two different
detector position files and two different alignment files available during the
analysis. In my analysis jargon I called those set of files bad and good files, to
be specific they are actually untuned and the best available configuration files
possible during the analysis. I reprocessed the same data to have these four
combinations.The table 6.1 and figure 6.14 summarise the effect of different
files:
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FIGURE 6.14: Effect of different alignment and detector position on the top and bottom detectors
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Here, similar to 6.12, we have plotted the (n-1) histograms processing
same set of data with tuned and untuned detector and alignment files. Of
course by tuned detector position we mean the detector position before and
after the survey.
Case Detector File Alignment File (n-1) distribution
1 untuned untuned Distorted distribution
2 untuned Tuned Distorted distribution
3 Tuned untuned Distribution improved
4 Tuned Tuned Distribution improved
TABLE 6.1: Situations with different alignment and detector po-
sition files
From figure 6.14 it is evident that the alignment had played minimal or
even negligible role in our current problem. I have cross-checked with an-
other alignment file used for the data of a different period the data of that
period and the outcome was similar. In conclusion, the discrepancy had ori-
gin somewhere else. This discrepancy led me to look into the internal RICH
geometry.
6.3 Geometric Reconstruction of the single photon
Cherenkov angle
Each emitted photon impinges on the mirror and then is reflected to the de-
tector surface by the mirror; the normal to the mirror at the photon impact
position points to the reference system origin (it coincides with the mirror
centre). Thanks to the Snell’s law: incident ray, normal to the reflecting sur-
face and reflected ray are co-planar. It follows that the photon emission point,
the reflection point on the mirror, the detection point on the detector and the
mirror centre lie on the same plane (photon plane).
The RICHONE software computes the Cherenkov angle of the detected
photon cluster in an iterative way. Thanks to the focusing technique of our
RICH, we can assume to the first order that the photon was emitted at the
middle point of the track. Therefore, if the track position and the direction at
the entrance and the exit of the RICH is known, the track can be extrapolated
inside the RICH. The midpoint of the track is fixed as the photon emission
point. The goal of the algorithm is to compute the direction of the photon
emission unit vector. The projection of the unit vector along the particle di-
rection gives the estimated Cherenkov angle of the cluster.
cos θphoton = νˆ× Pˆ (6.3)
In this expression the νˆ is the direction of propagation of the emitted pho-
ton, Pˆ is the direction of the Particle in the RICH. The photon detector pro-
vides the information of the physically detected cluster position. From the
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knowledge of the mirror center, we can reflect back the photon to its emis-
sion point. This is an iterative process. Once roughly we have estimated
Cherenkov angle, then it is corrected to the presence of the quartz window.
For the MAPMTs additional corrections are made. After these corrections
again the Cherenkov angle is computed and stored for each single photon.
In the figure 6.15 I tried to describe the reconstruction mechanism for a single
photon.
Mirror center O
FIGURE 6.15: Reconstruction geometry of Cherenkov angle for
single Photon
We can also visualise the same effect from the first principle of RICH. In
the simplest case, namely, the particles with zero impact parameter, and the
photon detectors are placed in the focal plane, the Cherenkov theta can be
written is the following way:
tan θ ' θ = r/ f (6.4)
r is the ring radius and f is the focal length of the mirror. In real case we
have a non zero impact parameter, although pretty small, but in the first
order approximation we can assume that this linear relationship holds. This
argument allows us to assume that in the first order approximation for β→ 1
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particles, the refractive index is also related to the ring radius by the follow-
ing equation 6.4.
cos θ ' 1
((n− 1) + 1)
1− θ
2
2
' 1− (n− 1)
θ ∼
q
2(n− 1)
r/ f ∼
q
2(n− 1)
(6.5)
If we propagate the error in equation 6.5, we have
δ(r)
r
=
δ(n− 1)
2(n− 1) (6.6)
Therefore from equation 6.6 1% error in the determination of ring radius will
lead to 26ppm error in the estimation of the (n-1), if we assume 1300ppm to
be nominal value of (n-1). Hence, an over estimation of a ring radius would
therefore lead to an over estimation of the refractive index and vice versa.
From figure 6.15 is evident that if the ’true’ detector position is closer to-
ward the beam-pipe; this means that if the particle emits the photon at the
same Cherenkov angle θ from the same point and it hits the same mirror el-
ement; then the angle between the reflected photon vector and the radius of
curvature drawn at the photon impinging point on the mirror will be smaller
compared to the ’current’ detector position, and hence the Cherenkov angle
will be smaller. This same effect can be realised without moving the detector
position downwards, but moving the mirror center of curvature upwards.
6.4 Cherenkov theta and phi dependency on align-
ment
In the first approximation the Cherenkov photon emission is uniformly dis-
tributed within the radiator length (l) and the azimuthal angle (φ). The par-
ticle trajectory normal to the mirror surface, the photons fill a circular area
on the mirror. This density of photons is inversely proportional to the dis-
tance of the particle impact point, in the first approximation. The reflection
focalises the photon around a closed line, the ring. On the detector surface,
which is in general rotated with respect to the orthogonal plane, for all l, the
ring has then an approximate elliptical shape. The dependence of the resid-
ual, δθ = (θphoton − θring), with φ will not be uniform. However, it is already
discussed that the particle position in the detector surface is not directly mea-
sured. The trajectory is reflected from the knowledge of tracking and mirror
position.
Therefore, any change in the detector or mirror position will dislocate
the ring centre. The ring theta is the based on a peak search mode. In this
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method Cherenkov θ of the photons are distributed 0− 60 mrad. The ring
is defined by the window with more counts. The residual should follow a
Gaussian distribution around zero over a background which depends on the
cathode type. In the case of MAPMTs, it can be well approximated as a flat
background. This distribution is in ideal case uniformly distributed over the
azimuthal angle(φ).
In case the ring centre is not rightly set. A movement along Z direction of
the detectors will lead to a sinusoidal modulation of the residual with the φ
angle. The phi angle is described as the following:
cos φphoton =
(νˆ× Pˆ).(Pˆ× Rˆ)
sin θphoton sin α
(6.7)
Where νˆ is the direction of the photon, Pˆ is the direction of the particle, θphoton
is the angle between them. Rˆ is the unit vector from the centre of the mirror
to the particle impact position on the mirror. This is defined in a frame of
reference (MWR) where the centre of the mirror is the origin and its z-axis is
normal to the detector surface. α is the angle between Pˆ and Rˆ.
The movement of the detector along the Z direction will make the residual
maximum around 0o and minimum around 180o.
Φϒ
FIGURE 6.16: Azimuth angle (φ) of the Cherenkov with respect
to the track.
In figure 6.16 we have shown two planes, one is containing the photon
(the red plane) and the other plane is containing the particle plane. The green
dashed line which is the vector from the centre of the mirror to the particle
impact position on the mirror defines the particle plane. The projection of the
unit vectors of these two planes are described in equation 6.7
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6.5 Half Ring analysis: Accurate estimation of
Ring center alignment
The reconstructed ring centre is the particle track reflected back to the detec-
tor. From the reconstruction we have the coordinate of the ring center in the
detector frame of reference. The exact amount of required movement of ei-
ther the detector or the mirror can be estimated very precisely by minimizing
the difference of the average radii of two halves of the ring. This exercise is
known as the half ring analysis. Let us assume, a ring fully contained in a
cathode, with N number of photons. Each photon is an independent estima-
tion of the (n-1), as each photon has been assigned a Cherenkov angle during
reconstruction. Following equation 6.4, it is clear if the track center is opti-
mally placed, then the estimated refractive index of the photons above the
center of the ring and the refractive index estimated by the photons below
the center of the ring will be the same. The virtue of this analysis method
is that the method is not dependent on the absolute value of the refractive
index. Consequently, it provides the optimal alignment.
Algorithm:
• Select tracks in which all the Cherenkov photon clusters are contained
in that particular cathode.
• Get the center position
• Compute the refractive index of the radiator, from the photons above
the ring center and below the ring center.
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FIGURE 6.17: For the top two detectors mean (n-1) of the pho-
tons of the half part of the ring at different mirror orientation
along Z axis
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FIGURE 6.18: For the bottom two detectors mean (n-1) of the
photons of the half part of the ring at different mirror orienta-
tion along Z axis
In figure 6.17 and figure 6.18 along the X axis we have plotted the move-
ment of the mirror centre position away from the beam pipe. along the Y axis
we see the mean (n-1) contributed by the photons belonging to the upper half
and lower half of the ring. The point of intersection of the two lines are the
optimal mirror position which has been used to modify the mirror position
in the detector.dat file.
In our case the global upper mirror centre Z coordinate has been moved 3.6
mm away from the beam pipe and the global lower mirror centre Z coordi-
nate has been moved 8.9 mm away from the beam pipe.
6.5. Half Ring analysis: Accurate estimation of
Ring center alignment 115
FIGURE 6.19: Dependence of θphoton − θring at different φphoton
angle, without the aligned mirror
In figure 6.19 the dependence of the photon angle residual with the az-
imuthal angle φ is shown: the photon angle residual is defined as the differ-
ence of the single Cherenkov angle and the ring angle. The ring angle are
scaled to the UV range, therefore for our studies we see that central band has
an offset of about 2mrad from zero. But, along the Y axis, we see a cosine
modulation, which is caused by the misaligned mirror position.
After the tuning of the mirror position, we see in figure 6.20 the absence of
the cosine modulation thanks to the mirror alignment. This alignment and
the tuning correspond to a satisfactory and consistent RICH geometry which
has been updated to the official COMPASS geometry database.
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FIGURE 6.20: Dependence of θphoton − θring at different φphoton
angle
6.6 Background of n-1 distribution
To estimate the (n-1) value precisely the understanding of the background
under the physical (n-1) peak is essential. Traditionally the (n-1) distribu-
tion is obtained from the tracks up to 30 GeV/c assuming the pi hypothesis.
The distributions of (n-1) for the MAPMTs and the gaseous detectors are not
free from background. Depending on the acceptance of the these detectors
the shape of the background changes. Before estimating the contributions of
different particles in the background a subtraction the background from the
distribution was made aiming to obtain an improved estimation of the mean
(n-1) value and an improved sigma. Similar to figure 5.4 for the hybrid PD
case mentioned in chapter 5. For the tuning and checking the performance
of the RICH a ROOT Ntuple format called ’RICH’ is saved along with other
histograms, this is described in chapter 3. In this data set, information related
to the single photons associated to a ring are saved. Events which have more
than 300 hits are skipped however.
Knowing the track momentum, the Cherenkov angle of each photon and
with the assumption of the pi mass hypothesis; we can use each Cherenkov
photon of the Ntuple data structure as an independent estimator of the(n-1).
This estimation will of course have less background. These extracted (n-1)
values from each photon can also be redistributed with a different mass hy-
pothesis followed by the equation 6.2. The (n-1) values obtained from the
Ntuple were distributed with a same binning and range of the standard (n-1)
histograms of RICHONE software. A bin by bin subtraction of the filtered
n-1 histogram obtained by using the ’RICH’ Ntuple information, from the
standard (n-1) histograms of RICHONE will allow us to roughly estimate
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the shape of the background. Unfortunately, this procedure does not help to
achieve a more accurate estimate of the real central value of the (n-1) distri-
bution.
6.7 Systematic studies to cure the residual incon-
sistencies
For a correct mass hypothesis the estimated value of the (n-1) will be cen-
tered around the true value, while bands at smaller and larger values of the
physical refractive index will be observed, corresponding to the signal gener-
ated by the particles of different mass. For example, the extracted refractive
index can be transformed into refractive index of other mass hypothesis by
the following relation.
ne = npi
s
p2 + m2el
p2 + m2pi
(6.8)
where nel and npi are the refractive indices with electron mass (mel) and pi
mass(mpi) hypothesis at the same angle and same momentum. The left-
right asymmetry and the larger background at an n-1 value greater than the
main peak suggest that this contribution is mostly coming from electrons,
which are copiously produced at lower momentum. An example can be
pi0 → γγ → e+e−. In the Spectrometer the RICH is located after the first
magnet SM1. The magnetic field is oriented such that the beam particles are
always deflected to the Jura side. A charge separated analysis has been per-
formed to see the effect in extracted refractive index with momentum and
different charge of the particles.
6.7.1 Analysis with µ− beam
The contribution of different charged particles in the (n-1) histogram at dif-
ferent momentum ranges, has been studied for individual cathodes based on
the available data structure. In figure 6.21 we plot the 2D (n-1) map of cath-
ode 3, where along the X axis we have plotted the (n-1) and charge multiplied
momentum along the Y axis for different negatively charged particles with
negative muon beam. Due to the spectrometer magnet SM1, most of the for-
ward tracks will be bent to Jura side.
In the figure identify the negative kaons, anti-protons and the electrons con-
tributing to the refractive index. The particles with mass higher compared to
the pis will appear in the left half (lower values of the indices) of the “central”
value, and the particles with lower mass will be appearing at the right half
(higher values of the indices) compared to the physical value. At higher mo-
mentum tracks approach to the saturation hence the bands are merged. The
color axis of the histogram in figure 6.21 represents the number of entries in
each bin. The maximum colour scale is to 3× 103.
In the low momentum region, upto 15 GeV/c the electron arm is seen, the
contamination is large enough that it restricts to statistically recuperate the
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FIGURE 6.21: (n-1) distribution in the visible range for nega-
tive charged tracks at different momentum for Jura Top cath-
ode. Negative muon beam.
physical value of the refractive index within 30 GeV/c. The rest masses of
muon and pi are very similar,∼ 106 MeV/c2 and ∼ 139 MeV/c2, without in-
formation from other sub-detectors of the spectrometer the RICH is not able
to separate the pis and muons event by event above 15 GeV/c. In the high
momentum region, above 100 GeV/c, we have the effect of the beam halo
as out of time tracks. With similar beam condition the Saléve top MAPMTs
have shown less electron contamination in the estimation of the refractive
index. In figure 6.22 we can see the dependence of the refractive index with
momentum and the colour scale is similar to 6.21.
6.7.2 Analysis with µ+ beam
The contamination of the electrons in the sample will distort the refractive
index distribution leading to an overestimated (n-1). The overestimation will
depend on the amount of the electron contamination. The electrons appeared
in the sample is independent of the charge of the beam. Using the µ+ beam,
the (n-1) distribution in the momentum space has been studied for the cath-
odes of the Saléve side. The negatively charged tracks will be bent towards
the Saléve side by SM1, as the field lines of the SM1 is adjusted such that the
beam is always bent towards the Jura side. Analysing the Saléve side (n-1)
we see the contribution of the contaminated portion in the n-1 distribution
is around 1900 ppm within 3− 5 GeV/c. The pi peak is centered at around
1310 ppm. This peak starts merging with the physical peak and redistributes
around a mean value of 1400 ppm in the 5− 10 GeV/c momentum bin. The
distribution can be seen in figure 6.23
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FIGURE 6.22: (n-1) distribution estimated in the visible range
for the Saléve top MAPMTs. Negative muon beam. The colour
scale is the similar for figure 6.21
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FIGURE 6.23: 2D histogram showing the dependence of (n-1)
on momentum. Along the X axis we have plotted the (n-1) and
along Y axis we have plotted the charge times momentum of
the particles.The displayed figure is of cathode 5, namely the
MAPMT in the top panel in Saléve side. Positive muon beam.
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6.8 Scenario with electron mass
The assumption of electron contamination in (n-1) estimation has been cross-
checked by asserting the electron mass in the algorithm of (n-1) extraction.
The electron mass hypothesis will bring the contaminated portion of the (n-
1) distribution at the physical region. Also the pi band will shift towards
a lower value and will merge with the physical band at around 10 GeV/c.
The analysis of both µ+ and µ− beam data are consistent. Figure 6.24 shows
the 2D map of the (n-1) with momentum, where (n-1) is along the X axis
and the charge multiplied momentum is along the Y axis. We identify the pi
band after its threshold (∼ 2.7 GeV/c), and it is contributing to a lower (n-1)
value, the band overlaps with the physical (n-1) contributed by the electrons
around 10 GeV/c. Similar analysis has been done with the muon, kaon and
the proton mass hypotheses.
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FIGURE 6.24: Refractive index computed with electron mass
hypothesis and its dependence on momentum.
The distribution of figure 6.24 is from a µ− run and therefore all the neg-
ative particles will be bent toward the Jura side of our RICH. In the plot pi−,
K− and P¯ are clearly visible. The slices of the (n-1) distribution at differ-
ent momentum bin is also shown in figure 6.25. The first two momentum
bins provide a physical refractive index value with electron mass hypoth-
esis. After the pi threshold, the pis start contributing contributing at lower
refractive index values, dictated by their higher mass. Above 15 GeV/c two
bands merge, however, in the previous range of refractive index extraction,
viz. tracks with momentum up to < 30 GeV/c, overestimates the refractive
index by 15− 20 ppm on an average of all 4 cathodes.
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FIGURE 6.25: An example set of histograms of the (n-1) distribution obtained with electron mass hypothesis at different
momentum values, ranging from 0− 160 GeV/c with bin size of 5 GeV/c. The X axis corresponds to the (n-1) of the
radiator, ranging from 0.0002to0.0022 in 200 bins. The example cathode is Jura Top.
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6.9 Stability of the refractive index with the mo-
mentum
It is clear from the 2D maps presented for both µ+ and µ− runs that the refrac-
tive index is unstable at the low-momenta region due to the facts described
in section 6.7 in detail and also at the very high-momentum region. At the
very high momenta region the beam halo comes as out of time particle and
produces uncorrelated photons. In this case the Cherenkov photon impinges
on the optical system of the MAPMTs at large angle, which is outside the
optimal operation range of the optics associated to the MAPMTs. This essen-
tially distorts the reconstruction of the angle. All these effects restrict to select
the momentum range, where the refractive index remains stable and shows
internal consistencies within different cathodes.
FIGURE 6.26: Top-Left: mean value of (n-1) distribution versus
momentum, Top-Right: sigma of (n-1) distribution vs momen-
tum; Bottom Left:mean value of (n-1) distribution versus mo-
mentum at track momentum 40 − 100 GeV/c, Bottom-Right:
sigma of (n-1) distribution vs momentum at 40− 100 GeV/c
From figure 6.26 it is clear that the stability conditions are satisfied within
40− 100 GeV/c, in this region the refractive index shows reasonable stability
with momentum and figure 6.27 shows the stability within different cath-
odes. In this momentum range we have observed a fluctuation of < 1%in
the central value of the (n-1) within the cathodes. Not only this, but also the
σ(n−1) has been reduced to ∼ 100 ppm. This was not achieved before.
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FIGURE 6.27: Fluctuation of (n-1) at different MAPMT Cath-
odes
Final Extraction: For the extraction of the refractive index run by run, for
the COMPASS analysis, I have therefore modified the part of the RICHONE
code to include the new range of momentum and to save additional his-
tograms namely the global.The estimation from the individual cathode has
been obtained and the sigma weighted mean is computed to to give least
bias to any central (n-1) value. This value has remained compatible with the
global mean (n-1) within 1− 2 ppm. The stability of the refractive index at
different momentum bins is described in table 6.2 and the evolution of the
refractive index distributions after different applied corrections can be seen
in 6.28.
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Momentum
(GeV/c) Cathode 3 Cathode 5 Cathode 10 Cathode 12
mean(n-1) sigma(n-1) mean(n-1) sigma(n-1) mean(n-1) sigma(n-1) mean(n-1) sigma(n-1)
40-45 1290.38 103.624 1298.03 113.356 1287.32 97.6638 1301.27 109.169
45-50 1290.82 102.548 1299.36 113.028 1288.08 96.0715 1301.99 107.24
50-55 1293.11 101.912 1302.72 114.956 1288.6 95.1653 1301.93 107.728
60-65 1297.83 100.313 1306.29 113.964 1288.55 93.1236 1299.15 105.096
65-70 1298.65 99.6256 1303.35 111.197 1288.42 91.5624 1297.18 103.885
70-75 1300.37 98.7949 1304.29 109.743 1287.92 91.0188 1295.85 103.077
75-80 1301.29 98.3257 1304.07 106.223 1287.13 90.1995 1293.9 100.74
80-85 1300.81 97.283 1302.01 104.062 1286.48 89.7463 1292.93 98.9373
85-90 1300.66 96.1645 1302.25 100.232 1286.26 89.0361 1291.19 97.135
90-95 1299.66 94.6221 1299.63 97.3175 1285.56 88.504 1290.31 95.8397
95-100 1298.52 94.1863 1299.47 96.0516 1285.48 88.7479 1289.79 95.3436
TABLE 6.2: The estimated refractive index for different cathodes showed stability, if estimated at a higher momentum
range. The cathode wise dependencies of central value of the (n-1) and the sigma in ppm units with momentum, ranging
from 40− 100GeV/c in 5GeV/c bins, is displayed in this table.
6.9.
Stability
ofthe
refractive
index
w
ith
the
m
om
entum
125
Beginning of 2016 Detector Survey
Global mirror tuning 
Final status
Mean 1401 ppm
Sigma 240 ppm
Mean 1330 ppm
Sigma 140 ppm
Mean 1317 ppm
Sigma 112 ppm
Mean 1294 ppm
Sigma 100 ppm
FIGURE 6.28: The evolution of refractive index for all MAPMTs combined all together shows a significant improvement
after the whole exercise.The top left corner is the situation at the beginning. The reconstruction with untuned detector
and mirror position with contamination from electrons are all convoluted together to provide a distorted shape. Improve-
ments achieved at every stage of exercise is shown.
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6.10 Improvements after the RICH tuning
I have observed several improvements after these three modifications, which
I will list in this section. Firstly, we have seen reasonable improvements in
the status of the extracted (n-1).
TABLE 6.3: Changes obtained in the estimated (n-1) of COM-
PASS RICH-1.
Situation n-1 [units of 10−6]
mean sigma
1 1398 228
2 1329 142
3 1317 112
4 1295 99.6
TABLE 6.4: Status of (n-1) with in different situations: 1. begin-
ning of 2016-17 data analysis; 2. detector positions upgraded
from Survey analysis; 3. updated detector position and real
data driven global mirror center positioning; 4. Updated de-
tector and mirror position and (n-1) extracted in the new mo-
mentum region
In the RICH technique, the mass is estimated by measuring the Cherenkov
angle, provided momentum and refractive index is known precisely. A proper
alignment of the RICH by tuning its geometric parameters and estimation
of precise refractive index will improve the measured Cherenkov angle. In
COMPASS our final states are pi dominated.
Therefore, we can take the residual of the individual photon angle from the
Cherenkov angle at that momentum using the pi mass hypothesis. The same
can be done for the ring angle. The alignment will refine the resolution and
the tuning in refractive index will bring the central value close to zero. The
RICHONE scales the ring angle to UV reference value. The transformation
has the following equation
θUV = arccos (cosθVS
nVS
nUV
) (6.9)
where, the absolute refractive index has been used in this transformation.
For the ring level analysis I have transformed back the rings in the MAPMTs
to its original angle. Moreover, The region near the beam pipe has been also
excluded for both of the the resolution studies. The beam pipe essentially
shadows the large number of photons generated by the beam particles. Near
the beam region the beam halo will also be present. In order to remove the
beam region first I have plotted the track position at the RICH entrance. The
coordinate is such: the centre is at the nominal target centre, the X axis is
from Saléve to Jura and the Y axis is from bottom to top, and Z is the beam
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direction. The effect of the magnet does not allow the particle to have the
X centre exactly at 0, rather a bit shifted towards the Jura side, due to the
magnetic field. The beam positions and direction of the tracks at the entrance
of the RICH are shown in figure 6.29 and 6.31 respectively.
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FIGURE 6.29: 2D histogram displaying position of the track at
the RICH entrance. X axis runs from Saléve to Jura
The tangent of charged particles in a magnetic field is given by the equa-
tion
tan α = 0.3
R
~B.~dl
p
(6.10)
For charged particles of momentum 160 GeV/c, the expected bending is ∼
0.2 mrad due to a magnet of bending power of 1Tm. The distance between
the Centre of the SM1 magnet and the entrance of the RICH is ∼ 3 m, which
implies the beam spot will bent toward Jura by 5− 6 mm. Which is clearly
seen in the figure 6.30. The survey suggested that the RICH is not exactly
centred at the nominal beam-line rather it is 2.5 mm downwards. This can be
seen in the profile of the tracks at the entrance.
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FIGURE 6.30: A zoom of figure 6.29
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FIGURE 6.31: A 2D histogram of the direction of the tracks at
the RICH entrance. The X axis is from Saléve to Jura
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FIGURE 6.32: A zoom of figure 6.31
Secondly, we can study the photon angle residual, which is the direct in-
dication of the improved RICH tuning. The residual can be defined as the
difference between the single photon Cherenkov angle and the pi angle com-
puted using the momentum of the track and the tuned refractive index. We
assume that the tracks entering RICH are mostly dominated by pion like
tracks at the higher momentum, as we do not separate track by track pions,
electrons and muons above 10 GeV/c. Therefore the physics distribution will
be Gaussian around zero. If we do not select tracks with a strong cut on the
likelihood then at a very first order approximation a linear background will
reside under the main peak. The reason is the following, at a particular mo-
mentum p, the kaons and protons will have smaller Cherenkov angle due to
low β, the electrons will have a larger Cherenkov angles. Therefore the resid-
ual will be positive for electrons and negative for kaons and protons. Now
from statistics we can at the very first order approximate that the background
is linear.
Figure 6.33 shows the distribution of the single photon Cherenkov angle
residual for the untuned situation, which is definitely far from a Gaussian.
The central value is also not around zero. This observation demonstrates
that the refractive index is also not properly tuned. After the tuning, the
distribution improved significantly. Figure 6.34 shows that the sigma, which
is the single photon resolution, has improved from 2.96± 0.01 mrad to 1.91±
0.00 mrad. The central value is more centered closer to zero, this is evident of
a better estimation of the refractive index.
130 Chapter 6. Tuning status of COMPASS RICH-1 for 2016-2017 run
Photon_Res
Entries    6.331468e+07
Mean   0.7565
RMS     2.956
 / ndf 2χ
 709.8 / 131
p0       
 2.860e+03± 6.663e+05 
p1       
 0.0027± 0.3645 
p2       
 0.009± 2.963 
p3       
 2.933e+03±1.716e+05 − 
p4       
 136.1±  3165 
piθ - photonθ
15− 10− 5− 0 5 10 150
0.1
0.2
0.3
0.4
0.5
610×
FIGURE 6.33: Distribution of the photon theta residual with re-
spect to computed pi theta. The mirror position and the refrac-
tive index were not tuned
Situation of the global photon angle residual after the tuning in RICH
geometry:
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FIGURE 6.34: Histogram of the photon theta residual after the
alignment of RICH and extraction of new refractive index at
different momentum region
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The dependence of the residual with the momentum of the particle has
been shown in figure 6.35. Along the X axis the momentum is plotted and
along Y axis the single photon resolution has been plotted after the tuning.
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FIGURE 6.35: The 2D histogram displays the momentum de-
pendence of the photon angle residual. The colour scale repre-
sent the entries, which is in log scale.
Finally, the residual of the ring can be also computed. Instead of single
photon Cherenkov angle, the reconstructed ring angle is used. Each photon
cluster is an independent estimate of the Cherenkov angle, in the absence
of the background, the number of single photon (Nph) and inaccuracy in the
single photon angle measurement (σphoton) can be related to reconstructed
ring resolution σring by the following relationship:
σring =
σphoton√
NPh
(6.11)
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FIGURE 6.36: Distribution of the ring theta residual with re-
spect to computed pi theta, where the mirror position and the
refractive index was not rightly tuned.
p[GeV/c]
0 10 20 30 40 50 60
[ m
r a d
]
piθ
-
r i n
g
θ
5−
4−
3−
2−
1−
0
1
2
3
4
5
Mom_Vs_Ring_Res
Entries  1625165
Mean x   18.46
Mean y 
 0.1866
RMS x   14.53
RMS y 
  1.456
0
5
10
15
20
25
30
35
40
45
50
FIGURE 6.37: Momentum dependence of the ring theta residual
with respect to computed pi theta, when the mirror has not been
tuned
In figure 6.36 we see that the main peak is severely distorted without
the mirror position tuning. The standard deviation of the Gaussian signal
is around 0.5 mrad which is in disagreement with our expectation. After the
mirror tuning and correctly estimating the refractive index, the central value
has become more centred toward zero,−0.069± 0.003 mrad. The sigma is im-
proved to 0.319± 0.005 mrad as shown in figure 6.38. The dependence of the
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residual of the ring angle has been shown in figure 6.37 and 6.39. Before and
after the corrections respectively. Few striking improvements are noticed.
• The central value is clearly visible at different momentum regions af-
ter correcting the mirror position. The consistent residual over a wide
momentum range indicates a good stability.
• The population of events up to 20 GeV/c has significantly increased,
roughly speaking within 20 GeV/c in between −1 mrad to 2 mrad a
factor of three times more population is observed. A nice and clear
band for the muons can be seen. It is important here to mention that
at around 5 GeV/c the pi − µ β resolution is of the order of 10−5. This
associates as Dθ ∼ 4 mrad. A faint line of the muon is now visible.
A very untuned filtering has been made to remove the majority of the
muon by means of charge separation, taking the magnetic bending into
account. But, it is not absolutely free from muon contamination.
• After the tuning of the RICH geometry the we observe that the Kaon
band has got enhanced. This has definite positive effect in PID of RICH.
Ring_Res
Entries  1859411
Mean   0.1619
RMS     1.022
 / ndf 2χ  26.92 / 14
p0       
 1.403e+03± 6.631e+04 
p1       
 0.00280±0.06912 − 
p2       
 0.0049± 0.3186 
p3       
 1372.5±  9753 
p4       
 1.169e+03± 1.814e+04 
piθ- ringθ
5− 4− 3− 2− 1− 0 1 2 3 4 50
10
20
30
40
50
60
70
310×
FIGURE 6.38: Distribution of the ring theta residual with re-
spect to computed pi theta
The electron band is prominent, muon band is faintly visible above the
central band. The population along the central region has increased.
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FIGURE 6.39: Momentum dependence of the ring theta residual
with respect to computed pi theta. The color scale is the same
as the 6.37
At the lower momentum, tracks are affected by multiple scattering which
smears the ring, and hence the emitted Cherenkov angle will increase. The
expression for multiple scattering is given by
θ0 =
13.6
cpβ
q
p
x/X0 (6.12)
We have used symbols with their usual meanings. The x/X0 of 3.3 m C4F10
radiator is 1/10. Therefore for pis with momentum 5 GeV/c will have a mul-
tiple scattering angle of 0.8 mrad.
The dependence of the Cherenkov ring angle, which has been scaled to
the VS refractive index, with momentum has been shown in figures 6.40 and
6.41.
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FIGURE 6.40: 2D histogram of ring theta versus momentum for
particles with positive charge
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FIGURE 6.41: 2D histogram of ring theta versus momentum for
particles with negative charge
The ring resolution improves if we determine the resolution of pion like
rings fully contained within a cathode. The expected ring radius is computed
from the pion hypothesis. The knowledge of the detector geometry is crucial
in this analysis. The distance between the detector centre and the cathode
edge has to be larger than the distance between the reflected particle position
on the detector surface and the calculated radius. The detector will have four
quadrants and this condition has to be satisfied in all quadrants, to accept
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a ring as a full ring. The residual is computed using pion hypothesis. The
sigma is the resolution of the ring. The sigma of the histograms shown in
figure 6.43,6.44 and 6.45, are the estimation of the ring resolution for fully
contained ring with pion assumption in the MAPMTs.
FIGURE 6.42: An geometric example of full ring. The blue rect-
angle can be assumed as a cathode and the red circle as the
ring. The distance between the ring centre position and the ra-
dius of the ring should be smaller than the half cathode distance
along horizontal and vertical direction of the cathode, simulta-
neously.
Estimated ring resolution is obtained by the sigma weighted average of
the individual resolution is 0.24± 0.0030 mrad and is reasonably distributed
as a Gaussian. The picture is consistent at different momentum bins. The es-
timate has been obtained as the mean weighted by the corresponding sigma.
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FIGURE 6.43: Histogram of the ring residual for tracks with
fully contained ring in the MAPMTs with pi mass assumption
within momentum range 15 to 17 GeV/c
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FIGURE 6.44: Histogram of the ring residual for tracks with
fully contained ring in the MAPMTs with pi mass assumption
within momentum range 24 to 28 GeV/c
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FIGURE 6.45: Histogram of the ring residual for tracks with
fully contained ring in the MAPMTs with pi mass assumption
within momentum range 34 to 42 GeV/c
The Cherenkov theta versus the momentum plot can be visualised in the
linear form. After the algebric transformation of the plotting variables we
estimate the 2(n− 1) .
cosθ =
1
nβ
(1− θ
2
2
) = (1− (n− 1))(1+ 1/2m
2
p2
)
(1− θ
2
2
) = 1− (n− 1)− (n− 1)/2m
2
p2
+ 1/2
m2
p2
θ2 = 2(n− 1)− m
2
p2
(2− n)
(6.13)
From equation 6.13 we see that, in the plane θ2 vs 1/p2 the particles will gen-
erate straight lines and the slope will be governed by the mass of the particle.
The negative slope implies the θ2 goes lower in value with 1/p2, which can be
related from the Cherenkov equation, also the higher the mass of the particle
the steeper the line. The intercept carries a physical meaning. At saturation
which is very low 1/p2 all the hypotheses merge together. Thus the intercept
define the θ2sat, which is approximately 2(n− 1). In the first two X bins I have
projected the Y axis and have taken the mean of the Gaussian as the estima-
tion of 2(n − 1). Figure 6.47 shows the mean is around 0.002596, The error
due to statistical estimation can be neglected. The figure 6.47 is the projection
of the θ2 value for the first two X bins of 6.46. In figure 6.46 we observe an
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FIGURE 6.46: The 2D histogram of square of the Cherenkov
angle versus the inverse square of the momentum.
excellent agreement with the value of the refractive index extracted from the
single photons.
In conclusion, at the beginning of the study, the reconstruction of the
RICH with untuned detector and mirror position and severe contamination
from electrons were all convoluted together to provide a distorted shape of
the extracted refractive index. These errors have different causes and ori-
gins but essentially their combined effect will penalise the PID performance.
The RICH has shown improved performances at every stage of tuning and
alignment exercises performed.
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FIGURE 6.47: Estimation of the intercept of equation 6.13 from
figure 6.46
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Chapter 7
PID performance of COMPASS
RICH
7.1 Introduction
RICH is a device to estimate the mass of the charged particle passing through
the radiator, by measuring the Cherenkov angle of the photons emitted by
the charged particle. This estimated mass value can be assigned to a parti-
cle either from the Cherenkov ring information where the individual photon
level information is lost, or using the single photon information in a likeli-
hood algorithm. RICHONE reconstruction software contains two indepen-
dent PID algorithms as mentioned in chapter 3, the current PID is performed
using the extended maximum likelihood (EML) algorithm only.
The brief summary of the likelihood estimation is the following: the single
photons detected by the photon detectors can be ascribed as signal or as back-
ground. In a likelihood estimation, the description of signal and background
is crucial. In COMPASS, the theoretical description of signal and background
is not easy, the description is extracted from the data. The Cherenkov photon
angle (θphoton) around the reconstructed ring theta (θring) is approximately
distributed as a Gaussian with a standard deviation σphotonθ for each φ
photon
value. Currently, we use the background information from the cluster distri-
bution in the PD surface contributed by the electronic noise of the chambers
and the physical background (mainly the beam halo). This ’map’ of the noise
is read by the software at its initialisation stage to compute the fractional
contribution as background of the cluster position on the PD surface which
enters as a ’single photon’ into the likelihood algorithm.
7.2 The mass-spectrum from the RICH-1
The RICH detector provides an estimate of the mass square using the equa-
tion 3.11. The associated error can be propagated on the m2 term according
to equation 3.14 where the approximation made is that the cos θ has been
expanded up to θ2 term. The resolution of the momenta can be assumed to
be 0.5%. The error in the estimation of the refractive index is taken as 0.4%
and the ring angle resolution is 0.35 mrad as suggested by the data. We can
simulate the mass distribution with one sigma error. The outcome of this
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simple simulation can be seen in figure 7.1. In the figure we have plotted
the momentum (p) of the tracks in the Lab frame along the X axis and the
mass2 along the Y axis where we see the dependence of the mass2 with the
quadratic nature of the momentum. We have extracted the estimated mass2
of the tracks entering the RICH with respect to its momentum from both the
positive and negative µ runs of 2016 data taking at different momentum bins.
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FIGURE 7.1: A toy simulation to understand the expected de-
pendence of the mass2 with momentum. The one sigma error-
bar added is computed by propagating the error on the mass2
term.
This nature is expected, provided the refractive index is rightly set. If
the refractive index is not correctly set the central value of the mass2 will
no more lay on a straight line. It will tend to move with the increment of
the momentum upwards or downwards according to the overestimation or
underestimation of the refractive index respectively. The figure 7.2 shows
the 2D histogram of events where along the X axis the lab momentum of the
tracks is plotted, the Y axis corresponds to the mass2 of the track, estimated
from the track angle for negative tracks. Prior to the final tuning a large
dependence of the mass2 can be seen at large momentum. In terms of pi-
K separation by likelihood algorithm, this overestimation of the mass2 will
definitely favor the kaon hypothesis, compared to the pion one. To clean the
sample from the beam particles and the halo I have adopted a coarse solution.
The premise for such approach is to minimise the use of information coming
from other detectors to identify any particle and hence to restrict the entire
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exercise with RICHONE tree. I have selected tracks with opposite charge
that of the beam particles. In order to study the effect of the RICH alignment
on both charges I have taken runs of differently charged beam particles. The
results have shown full consistency.
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FIGURE 7.2: A 2D histogram showing the dependence of the
mass2 with momentum. The color scale is irrelevant. The data
has been processed with correct geometry but wrong refractive
index extracted from previous method. The wrongly estimated
(n-1) is larger by ∼ 30 ppm. An over estimation of mass is seen
at larger momentum. In the likelihood approach this will defi-
nitely favor the kaons over pions
.
After the final tuning we achieved a situation as presented in figure 7.3.
Similarly, to reject the beam µ and its halo I have selected the particles with
opposite charge of the beam particle. This will clearly skim the pions out of
muons in the beam and halo of the beam.
Near saturation 2(n− 1) ∼ θ2. The Gaussian nature of the measured theta
distribution suggests squared theta can be greater than 2(n− 1). Returning
a negative mass squared. Plotting mass versus θ will loose part of the infor-
mation. Similar to 7.3 we have obtained mass2 dependence on momentum
for the negative charged tracks which can be seen in 7.4.
144 Chapter 7. PID performance of COMPASS RICH
p[GeVc]
0 10 20 30 40 50 60
]2 )2
 
[ ( G
e V
/ c
2
m
a
s s
1−
0.8−
0.6−
0.4−
0.2−
0
0.2
0.4
0.6
0.8
1
Entries  296688
Mean x   11.79
Mean y 
 0.04266
       0    2021
   1111
       0  290296    2483
       0     173     604
FIGURE 7.3: RICH estimated squared mass of positively
charged particles and its dependence on momenta after tuning
0 5 10 15 20 25 30 35 40 451−
0.8−
0.6−
0.4−
0.2−
0
0.2
0.4
0.6
0.8
1
Entries  277068
Mean x 
  11.26
Mean y 
 0.02661
       0     918     874
       0  269329    5411
       0      45     491
m
a s
s2
 [
( G
e V
/ c
2 )
2 ]
p[GeV/c]
FIGURE 7.4: RICH estimated squared mass of negatively
charged particles as function of particle momentum after tun-
ing.
Figure 7.5 shows the mass2 histograms of the positive charged particles,
taken from a negative muon run. We can clearly identify the pions, kaons and
proton peaks. I have chosen the Y scale which is the number of entries such
that we have a visualization of the reduction in statistics with the increasing
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momentum. For each momentum bin I have fitted the histogram with a func-
tion added by three Gaussian distributions, in the fitting method first I have
fitted individually the peaks, more or less defining the pion, kaon and proton
peaks, providing a range of fit. In this range I have searched for the highest
peak,and then fit a Gaussian with 2σ around the peak, I have taken the mean
values of the fit and then I have set parameters defining the three means of
the fitting function with the 3 Gaussian, which are p1, p4 & p8, to the values
of the mean obtained by the individual fittings. These three parameters de-
fine the estimated mass2 of pions, kaons and protons. If the χ2/NDF remains
larger than 5 after three consecutive fits, I reject that momentum bin. After
passing this I take the final values as the mass. If I propagate the error on
the estimation of the mass from the error of the fit associated to these three
parameters p1, p4&p8, I find the error in estimation of mass of the order of
10−3 in the first momentum bin and at few ∼ 1− 2% level in the last two
bins.
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FIGURE 7.5: The distribution of the mass2 estimated by COMPASS RICH-1 is shown at different momentum bin. In the
top three panels the vertical scale has been normalised to 1200 and for the bottom three panels the vertical scale has been
normalised to 600. The vertical scale corresponds to the number of entries
7.2. The mass-spectrum from the RICH-1 147
The mass spectrum brings us the information about the systematic and
the dependence of the estimation with squared momentum. Recall that the
error associated to the mass2 determination is a product of the p2 and σθ. As-
suming that σθ remains the same for two momenta not very far apart then
the ratio of sigma of the mass distributions of these two momentum will be
the similar to the ratios of the square of the momentum. In figure 7.5 if we
take two momentum bins as example 20− 22 GeV/c and 27− 30 GeV/c. The
sigma of the Gaussian fitted around the kaon peak is 0.01872 and 0.03147 re-
spective. The ratio of the first to the second is (0.01872/0.03147) = 0.594, and
if we assume for simplicity that the average corresponding to the first range
is 21 GeV/c and for the second 28.5 GeV/c, then the ratio of their squares is
(212/(28.5)2) = 0.542. The numbers are verified for other mass hypotheses
and over different momentum ranges.
I have also estimated the mass2 for the negative charged tracks. The nega-
tive charge tracks are highly contaminated with the electrons, and therefore
even after merging with the pions at higher momentum the mass of the pi-
ons will be slightly underestimated. When the effect started to become less
trivial, we run out of statistics. Therefore, to check the estimated mass of the
negative pions I have selected the low momentum regions where the pions
and electrons are clearly separated and there I have estimated the mass of
the pions. The kaons and anti-protons are free from this effect. The mass2 of
the kaons over a wide momentum range remains reasonable with respect to
the PDG values. In figure 7.6, 7.7, 7.8 and 7.9 we have plotted the histogram
of the mass2 of negatively charged particles, namely negative pions, negative
kaons and antiprotons.
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FIGURE 7.6: Histogram showing the RICH extracted mass2 for
the negative pions in the momentum range of 3− 5 GeV/c. A
reasonable Gaussian distribution is describing the data
148 Chapter 7. PID performance of COMPASS RICH
The kaon mass2 has shown reasonable consistencies with expectations.
For the negative kaons the example of extracted mass2 at different momen-
tum bins are shown in the figures 7.7 and 7.8.
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FIGURE 7.7: Histogram shows the RICH extracted mass2 neg-
ative kaons in the momentum range of 20 − 25 GeV/c. The
histogram is described reasonably by a Gaussian distribution.
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FIGURE 7.8: RICH extracted mass2 negative kaons in the mo-
mentum range of 27− 32 GeV/c
For the determination of the antiproton mass, I have taken a large sample
of the momentum region (20− 40 GeV/c)where I have adequate sample size
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to fit the Gaussian to estimate the mass2. The example distribution is shown
in figure 7.9.
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FIGURE 7.9: RICH extracted mass2 anti-protons in the momen-
tum range of 20− 42 GeV/c
7.3 Separation Power
Particle identification is based on the fact that, at any situation the detector
responds differently to different particle species. For the RICH detector, the
measured Cherenkov angle is the only sensitive quantity to different parti-
cles at the same momentum. Therefore, we can define a method of separation
power, as suggested in [65] based on the measured Cherenkov angle and the
accuracy of the measurement. The improved resolution is therefore manda-
tory for efficient particle identification. The θring for the pions and kaons are
assumed to be distributed as a Gaussian around the mean value, θpi and θK,
and σpi−Kthe average value of the standard deviation of the measured distri-
bution, then the separation power Nσ is the following:
Nσ =
θpi − θK
σpi−K
(7.1)
For computing the separation power of pi − K and comparing with our ex-
pectation, I have adopted these two following techniques:
• The first method is a simplistic data driven calculation, with mass as-
sumption. The values of Nσ obtained by this method allows us to esti-
mate our expectation. We assume that our momentum is known with
adequate precision. The knowledge of the refractive index allows us
to compute the Cherenkov theta for pion and Kaon hypothesis for that
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momentum. The theta difference divided by the ring resolution ob-
tained for the MAPMTs without selecting special tracks provides nσ
separation from the first method.
• The second method is more directed to the measurements. In each mo-
mentum bin, I extracted the mean of the theta distribution by a Gaus-
sian approximation fitting pion and Kaon region separately. The differ-
ence in the two mean values divided by the average of the two sigma
distributions estimates the nσ separation at that momentum bin. This
method is however affected by the selection of the fitting region. As
the population is very limited at the higher momentum and hence the
associated error in determining the peak is larger.
In figure 7.10 we see the pi − K Nσ separation as a function of momentum.
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FIGURE 7.10: Momentum dependence of the pi − K separation
power Nσ of COMPASS RICH-1. Left Panel: Cherenkov angle
computed by using the average mass estimated by COMPASS
RICH-1 of a particular run and the refractive index of that par-
ticular run. Average ring resolution of 0.35 mrad is used for
computing Nσ. Right panel: by fitting the the two peaks of pion
and kaon separately with Gaussian functions. The separation
power is defined as the difference in the mean of the two peaks
divided by the average of the sigmas.
7.4 Likelihood values for RICHONE PID
Consistency between the likelihood (in short form LH) values of different
mass hypothesis and the constructed ring angle points to the optimal func-
tionality of the RICH detector. I have studied the consistency between the
reconstructed ring and the likelihood of a track for different mass hypoth-
esis. Before describing the studies, I will describe the extended likelihood
algorithm adopted by the software.
7.4.1 Principal of likelihood algorithm
Equation 7.2 describes a situation where a set of unknown parameters lk is
estimated by maximizing the standard likelihood L, by means of a set of
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measured quantities (θi).
L =
N
Õ
i=1
p(θi; lk) (7.2)
The probability density function which defines the sampling variable θi is
given by p(θi;lk). The likelihood values or similarly the log of the likelihood
values are to be maximised for obtaining the solution of the equations.
Experiments where data taking is restricted to predetermined number of
samples, and no fluctuation in the number of events is expected, are fun-
damentally different than our case. For the estimation of the likelihood for
each track for each mass hypothesis, the single photons in the ring are our
events. For each track the number of photons is randomly varying following
a Poisson distribution. The number of events (N) is relevant to the quan-
tities being estimated, and the incorporation of the fact that the number of
photons observed has the actual value N improves the estimates of our pa-
rameter. Under this circumstance it is not surprising that we have to take into
account the number of photons track by track and hence, we have to relax the
absolute normalisation. Although for a particular track, the likelihood value
for different mass hypothesis will have same number of photons, but the size
of our distribution (number of photons) will change at the next track, and
this fluctuation is governed by a Poisson statistics [142]. The extension of the
maximization of the likelihood allows us to relax the constraintR
p(θi; lk) = 1
and to have an estimation of the total number of events expected over the
whole range of observation. So the probability density is extended to:Z
P(θ; lk) = N (lk) (7.3)
The N (lk) is our size of our distribution. The value of (N) is obtained from
the fit and can be a better estimation of the “true” total number of events than
physically observed value N.
We have adopted the extended maximum likelihood (EML) method for
the PID done by the COMPASS RICH. Therefore, it is the heart of our PID al-
gorithm is to know the number of photons from the fit. It is understandable
that just replacing the normalised p(θ) by the unnormalised P(θ) is not pos-
sible, as the maximisation process will tend to make the normalisation large.
To remedy this, we not only corroborate the photons were observed events
at (θ1,θ2,...,θm) but also ensure that events were not observed anywhere else.
This is why, we integrate our signal and background over a large fiducial re-
gion of 70 mrad. If we can divide our bins small enough where more than
one event is negligible in each bin(Dθ). Then we can write the probabilities
for 0 and 1 event for a bin are given by Poisson statistics:
P0 = e−DθP(θ)
P1 = DθP(θ)e−DθP(θ)
(7.4)
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For the MAPMTs this assumption is realised as that one physical pixel is de-
tecting one single photon, and for the gaseous detectors one cluster is a de-
tected single photon. Using equation 7.4 we can write down the extended
likelihood by equation 7.5. In this equation the first product term corre-
sponds the product over all bins with one event and the second product term
is over all bins. Physically, the extended likelihood describes the combined
probability for a complete data sample.
L =Õ
i
DθP(θi)Õ
j
eDθP(θj) (7.5)
In the limitDθ → dθ the first term of equation 7.5 can be written asÕ
i
P(θi)dNθ,
where terms like dNθ incorporates the fact that P(θ) is a probability density
not real probability, analogous to equation 7.2. With aid of equation 7.3, sec-
ond product term of equation 7.5 in the limiting case becomes: e−åj DθP(θj) →
e−
R
P(θ)dθ = e−N . Therefore, in the limiting case we can write extended like-
lihood or alternatively its logarithmic form as:
L =

Õ
i
P(θi)

e−N
ln(L) =å
i
P(θi)−N
(7.6)
The maximisation of this extended likelihood will give us the solution to
the EML; the solutions are estimated by finding a balance of the two terms in
the logarithmic expression. The first term increases with increasing normal-
ization and the second term decreases. A legitimate solution of this equation
can be:
L =
N
Õ
i=1
P(θi)e−N
N N
N!
(7.7)
Whence written in unnormalised form the equation 7.7 turns out to be
L =
N
Õ
i=1
P(θi)
e−N
N!
(7.8)
To get a nonzero value of the computed likelihood value the assumption is
that there is at least one photon associated to a track for the extended likeli-
hood calculation, otherwise the value passed is 0.
7.4.2 Extended maximum likelihood methods for COMPASS
PID
For the cases where each event can be a contribution of the signal or the back-
ground term, then the power of likelihood resides in the correct definition of
the signal and the background. Maximisation of the extended likelihood is
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a powerful tool for the determination of the unknown parameters of events
where the event size is fluctuating. The theoretical description of signal and
background terms of the extended likelihood is not easy in our case. The
distributions are therefore needed to be taken from the data. The signal can
be reasonably described by a Gaussian distribution in the θ − φ plane, with
a standard deviation σtheta. A detailed Monte-Carlo study had been done in
2000 by Paolo Schiavon, during the construction of the code. The detailed
study was done with MWPC detectors. An example is shown in figure 7.11
taken from his notes.
FIGURE 7.11: An example distribution of θphoton− θring for fixed
φphoton (112.5± 7.5 deg); it has been obtained from the simulated
data of the MWPC detectors; the distribution is reasonably de-
scribed by a Gaussian plus a linear background. The definition
of φ angle is defined already in equation 6.7
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FIGURE 7.12: An example histogram of the θphoton − θring at a
particular φ = 220± 10 deg; it has been obtained from the sim-
ulated data of the MWPC detectors; the distribution is reason-
ably described by a Gaussian plus a linear background. The
definition of φ angle is defined already in equation 6.7
From figure 7.12, we see that the distribution of the observed parameter θ
is reasonably distributed according to a Gaussian, over a linear background.
The shape of the background will depend on the type of the detector. There-
fore, the the background is parameterised from a 2D distribution of the hit
maps on the detector surface.
The first operation in this algorithm to compute the likelihood is to eval-
uate the normalisation: integrated signal and background. For our case, the
integration is made over a fiducial region of 70 mrad. This wide range of
fiducial region is such that it is larger than the maximum Cherenkov angle
of the two types of detectors, namely MAPMTs and gaseous detectors work-
ing in the visible (VS) and ultra violet (UV) ranges respectively. This wide
range is chosen essentially to ensure that the signal photons are not detected
elsewhere in the detector. The normalization is necessary every time the like-
lihood is computed. For each track, for each mass hypothesis the likelihood
is computed, however the background does not depend on the mass hypoth-
esis hence the background normalization can be computed only once. Our
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expected signal and expected background terms can be defined in the fol-
lowing way:
SM =
Z
C
sM dθ dφ
B =
Z
C
b dθ dφ
(7.9)
After completing the normalisation of the likelihood extraction algorithm
we need to compute the LH values taking into account all the photons asso-
ciated to a particle. All these photons are chosen within the fiducial region.
They are used for the evaluation of the signal and background part. This ap-
proach essentially makes the PID based on likelihood independent of the PID
based on the ring χ2 and hence independent of pattern recognition. From
equation 7.9 the total normalization is N = (SM + B). The unnormalised
probability density function is P(θ) = sM(θj, φj) + b(θj, φj) for the jth photon.
Following equation 7.3 we can write the equation of the extended likelihood
as
LM =
 N
Õ
j=1
(sM + b)
SM + B

exp(−(SM + B)) (SM + B)
N
N!
LM =
 N
Õ
j=1
(sM + b)

exp(−(SM + B)) (SM + B)
N
N!
1
(SM + B)N
LM =
 N
Õ
j=1
(sM + b)

exp(−(SM + B))
N!
(7.10)
For the PID we compare LH values of individual mass hypothesis (e,µ,pi,K
and P and background) for each track, therefore N! is irrelevant as this just
scales the LH value. Whatever it is, it is same for all the mass hypotheses. So
we don’t compute this term. This relaxation makes equation 7.10 to
LM = exp(−(SM + B))
N
Õ
j=1
aM (7.11)
Where, aM is unnormalised probability density, taking into account that each
photon can belong to signal or background. The signal is reasonably de-
scribed by a Gaussian distribution, shown in figure 7.12, the functional de-
scription is:
sM =
S0
σθ j
√
2pi
exp(−1
2
(θj −QM)2
σ2θ j
)e(θ j, φj) (7.12)
Where QM is the expected Cherenkov angle of the photons emitted by a par-
ticle of mass M.
cosQM =
p
p2 + M2
np
(7.13)
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The term S0 = N0L sin2QM is the expected number of photons from the
Frank-Tamm law. N0 is the expected number of photons tuned on data for
each photon detector. σθ j is the single photon resolution obtained from data.
TheQM is computed using refractive index of the cathode, which is (n− 1)VS
for the MAPMTs and (n − 1)UV for the gaseous detectors. The importance
of correct knowledge of the refractive index is one of the key ingredients of
likelihood algorithm.
For each particle a probability (e(θ j, φj)) of the photon survival from the
beam pipe and mirror dead-zones is computed. Where for each photon it
is checked that the probability of being absorbed by the beam pipe or the
dead-zones of the mirror along the particle path length(Lp) with a step size
of LP/10. The fraction is multiplied to the unormalised signal.
The background b(θ jφj) is obtained from a map of the cluster distribu-
tion over the detector surface, called background map. In this approach the
background parametarisation is more detailed and derived from the detec-
tor surface. This term is multiplied with the computed cluster theta and a
factor which is the square of the focal length described in meters. This is
the Jacobian transformation for the Cartesian to the spherical system. In
equation 7.11 the term exp(−B) is common for each mass hypothesis and
the background hypothesis. Where the LH value background hypothesis is
computed where sM = 0
The LH values are saved in a buffer if the number of photons is greater
than 1, likelihood values of particles below threshold is stored as 0. As an ex-
ample, if we do not have any background photon cluster associated a track
and the track is originally a proton below the threshold momentum, it will
not emit any physics photon in the RICH, and hence it will be assigned a
likelihood value 0 to it. This information can be carefully treated to identify
particles below threshold. In our case the likelihood is Poissonian. The back-
ground is obtained from the background map and it is also integrated like
the signal as described in equation 7.9. Therefore, the LH is a product over
the (SM + B) term of all the individual photons. As we are comparing the
LH for different hypotheses and using the background map we are relaxed
not to compute the term e−B/N/N! in the LH formula.
7.4.3 Improvements
Maximisation of the extended likelihood is extremely powerful to separate
pions and kaons, if the parameters of the RICH are correctly set. During the
tuning of the RICH, we tuned the geometry and the refractive index. Each
of the modification has showed an improvement in the estimation of the LH
values. Before any tuning we saw an effect, which was unexpected. The ra-
tio of LH values of pion and kaons ( LH(pi)LH(K) ) remain less than 1 after 20GeV/c
even if the muons were not filtered out from the sample. The muons are not
separable from pions at this momentum based only on the LH values. Three
figures have shown the direction of improvements. We can plot along the
X axis the momentum of the tracks and along Y axis LH(pi)LH(K) and we see the
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following situations: for figure 7.13 only the survey suggested RICH photon
detector position have been implemented, which did not provide us an op-
timally tuned RICH. Whereas, for figure 7.14 I have plotted the same quan-
tities but updated the RICH geometry with the survey suggested detector
position and the data driven mirror alignment, but refractive index used for
LH value computation was from the old data base, where contamination due
to the proliferated electron arm was present, which has been shown in sev-
eral figures of Chapter 6, the visibility of the electron arms in the 2D maps
of (n-1) distribution with momentum. Finally, figure 7.15 represents the sit-
uation when detector and mirror positions are tuned with an estimation of
(n-1) obtained from the new momentum range.
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FIGURE 7.13: 2D histogram to show dependency of LH ratio of
pion and kaon with momentum. Where the colour scale, repre-
senting the number of entries, has been normalised to 10. The
distribution has rightly tuned detector position obtained from
the survey
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FIGURE 7.14: 2D histogram to show dependency of LH ratio of
pion and kaon with momentum. Where the colour scale, repre-
senting the number of entries, has been normalised to 10. The
distribution has rightly tuned detector and mirror position but
untuned refractive index.
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FIGURE 7.15: 2D histogram to show dependency of LH ratio of
pion and kaon with momentum. Where the colour scale, repre-
senting the number of entries, has been normalised to 10. The
distribution has rightly tuned detector and mirror position and
tuned refractive index.
We see, that the current situation has improved significantly. The LH ratio
of pion like and kaon like tracks are according to the expectation. The large
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FIGURE 7.16: Example of selection of tracks based on theta and
momentum.
pion contamination in the kaon sample, which was our initial problem seems
to be understood and addressed.
7.4.4 Consistencies with RING angle
The ring information can be used to tune and characterise the RICH. For a
well tuned RICH, the particle identification which is based on the LH algo-
rithm should have consistencies with the reconstructed ring. The ring recog-
nition has been done with a pattern recognition algorithm. The algorithm
takes all the photon θ distribution relative to a particle up to θF, using a win-
dow width ∆θ. It then counts the number of photons in each window, the
maximum number is then taken as the ring angle θring. The window ∆θ is
typically ±σθ. If regions are selected where based on ring theta and momen-
tum for a tuned RICH this will indicate estimated values for the ratios of the
LH values of two mass hypothesis.
For example, the kaons in the momentum range between 10− 20 GeV/c,
will emit Cherenkov photons at an angle which is far from the pions. There-
fore, if we select samples in this momentum range and put a limit on the
Cherenkov angle which reasonably defines the kaon band, we expect the ra-
tio of the LH value of the kaons over the LH value of the pion will be larger
than one. Moving on toward the higher values of momentum range and se-
lecting the kaons with constrained ring angle will bring the LH ratio closer
to unity, as in the higher momentum range the PID power reduces. Figure
7.16 shows an example of the selected track. The approach brings uncer-
tainty, when we go higher in momentum. The pions are already at satura-
tion. Therefore within two sigma ring of the pion saturation,I consider tracks
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are most likely to be pions. For the kaons in the 20− 30 GeV/c no ambigu-
ity is seen, but in the 30− 40 GeV/c bin, I have tried to compute the angle
expected for kaon like tracks, from momentum and refractive index. Then
within 1.5 sigma of the ring resolution, I have assumed a track to be kaon
likely.
Followed by the selection, an exercise has been done to check consistency
of the ring recognition and the likelihood estimations. At a moderate mo-
mentum range, namely, from 20-30 GeV/c. Tracks are selected based on the
theta and momentum cuts. Therefore in this region the RICH should be able
to identify pion like tracks as pion like tracks. And we see that figure 7.17
shows the histogram of the LH ratio of pion and Kaon hypothesis, for the
selected tracks. The value is largely above 1, which ensures efficient PID.
Figure 7.18 is another representation of this observation. The 2D histogram
displays the natural log of the LH values, where along the X axis the pion hy-
pothesis and along the Y axis the kaon hypothesis. The red line corresponds
to the inability to isolate pions and kaons.
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FIGURE 7.17: Histogram of the LH ratio of pion to kaon for the
selected pion tracks based on Cherenkov angle in the momen-
tum range of 20-30 GeV/c
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FIGURE 7.18: For the selected tracks of momentum range 20-
30 GeV/c 2D histogram showing the log likelihood values of
pion (along X axis)and kaon hypothesis (along Y axis). In this
histogram each track is an entry. The color scale is not impor-
tant as we are only interested in the separation of the pion and
kaons. The pions and kaons are not separable at the red line.
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FIGURE 7.19: For the selected kaon tracks of Cherenkov angle
and momentum range 20− 30 GeV/c 1D distribution of the LH
ratio of kaon over pion
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FIGURE 7.20: For the selected tracks of momentum range
20− 30 GeV/c 2D histogram showing the log likelihood values
of pion (along X axis)and kaon hypothesis (along Y axis). In this
histogram each track is an entry. The color scale is not impor-
tant as we are only interested in the separation of the pion and
kaons. The pions and kaons are not separable at the red line.
The same exercise has been repeated at a higher momentum range. Namely,
from 30-40 GeV/c. The tracks are again selected based on their ring and mo-
mentum values. And we have seen in figure 7.21 shows the histogram of the
LH ratio of pion and Kaon hypothesis, for the selected tracks. The value is
fairly above 1, which ensures efficient PID. Similarly, figure 7.22 is another
representation of this observation. The 2D histogram displays the natural
log of the LH values along X axis the pion hypotheis and along Y axis the
kaon hypothesis. The red line corresponds to the inability to isolate pions
and kaons.
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FIGURE 7.23: For the selected tracks of momentum range 30−
40 GeV/c histogram showing the LH ratio of kaon over pion
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FIGURE 7.24: For the selected tracks of momentum range
30− 40 GeV/c 2D histogram showing the log likelihood values
of pion (along X axis)and kaon hypothesis (along Y axis). In this
histogram each track is an entry. The color scale is not impor-
tant as we are only interested in the separation of the pion and
kaons. The pions and kaons are not separable at the red line.
The consistencies has also been checked in the opposite direction. We
have to check if the likelihoods of the pions are larger compared to the kaons,
then the χ2 of the ring with pion hypotheses should be smaller compared to
the χ2 of the ring with kaon hypothesis. The χ2 of the ring is dependent on
the pattern recognition. The same algorithm of pattern recognition is applied
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to compute the ring angle and the χ2. The χ2 is computed for the photons
which have been recognised for the ring. The refractive index have been
scaled globally to UV for all the ring related computations. The definition of
the reduced χ2 is the following:
χ2M
ν
= 1/ν
NrPh
å
j=1
(θj −QUVM )2
σθ j
(7.14)
Where ν is the normalisation parameter and NrPh is the number of photons
in the ring, θj is the Cherenkov angle of the ring photons and single photon
resolution is σθ j. The knowledge of the momentum and the UV refractive in-
dex coupled to a particular mass hypothesis allows to compute the QUVM . To
check the likelihood values, a cut was applied on the ring angle depending
on momenta, the two defining parameters of the estimated mass, if the re-
fractive index is known precisely. In the next method a cut in the likelihood
is applied to check the ratio of pion and kaon χ2 values. This redundancy
test allows to confirm the stability of the PID algorithm. Figures 7.25 and
7.26 shows the ratio of the reduced χ2 kaon hypothesis over pion hypothesis
with momentum 20− 30 GeV/c, in terms of likelihood two cuts are applied
for each plot.
1. The LH value of the pion hypothesis is larger compared to the LH value
of the kaon hypothesis. For figure 7.25 LH(pi)LH(K) > 1.2 and
LH(pi)
LH(K) > 2 in figure
7.26.
2. The LH of the background is smaller than the pion hypothesis is the same
for both plots.
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FIGURE 7.25: The histogram shows the ratio of χ2(K) and
χ2(pi) for tracks where LH(pi) is greater than LH(K) by 1.2
times, the selected tracks are in the momentum range of 20−
30 GeV/c
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FIGURE 7.26: The histogram shows the ratio of χ2(K) and
χ2(pi) for tracks where LH(pi) is greater than LH(K) by 2
times, the selected tracks are in the momentum range of 20−
30 GeV/c
The observations are consistent. For pion like tracks the χ2 with kaon
hypothesis will be larger. Around 0.7% of the events where LH(pi) is larger
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than 1.2× LH(K), have lower χ2 for kaon hypothesis. Which decreases to
almost zero when the LH cut is 2. This is also consistent.
In the higher momentum, the Cherenkov angle of the pions and kaons comes
closer, hence the PID is reduced.
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FIGURE 7.27: The histogram shows the ratio of χ2(K) and
χ2(pi) for tracks where LH(pi) is greater than LH(K) by 1.2
times, the selected tracks are in the momentum range of 30−
40 GeV/c
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FIGURE 7.28: The histogram shows the ratio of χ2(K) and
χ2(pi) for tracks where LH(pi) is greater than LH(K) by 2
times, the selected tracks are in the momentum range of 30−
40 GeV/c
Similar exercise has been done for the kaons. In this case we have plotted,
the ratio of the χ2pi/χ2 + K in the histograms for the tracks which have been
selected based on likelihood ratios. In the momentum ranges 20− 30 GeV/c
and 30− 40 GeV/c.
Entries  7604
Mean    5.041
RMS     2.325
Underflow       0
Overflow      810
K
2χ/
pi
2χ 
0 1 2 3 4 5 6 7 8 9 100
50
100
150
200
250
300
FIGURE 7.29: Histogram displaying the χ2pi/χ2K for tracks
where LH(K) is greater than 1.2 times the LH(pi), the selected
tracks are in the momentum range of 20− 30 GeV/c
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FIGURE 7.30: Histogram displaying the χ2pi/χ2K for tracks
where LH(K) is greater than 2 times the LH(pi), the selected
tracks are in the momentum range of 20− 30 GeV/c
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FIGURE 7.31: Histogram displaying the χ2pi/χ2K for tracks
where LH(K) is greater than 1.2 times the LH(pi), the selected
tracks are in the momentum range of 30− 40 GeV/c
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FIGURE 7.32: Histogram displaying the χ2pi/χ2K for tracks
where LH(K) is greater than 2 times the LH(pi), the selected
tracks are in the momentum range of 30− 40 GeV/c
For tracks which are kaon like, a structure can be observed in the his-
tograms displaying the χ2 ratio. This feature is mainly related to the LH
values of the proton. The structure appears only if the track momentum is
larger than the proton threshold. Near the proton threshold if the kaon LH
value is sufficiently large the peak is not visible. If a cut is applied that the LH
value of the proton to be smaller than that of the pion, this peak disappears
from all the plots. The two methods (χ2 and the likelihood) for particle iden-
tification implemented in the RICHONE code are computed independently.
However, their performance should not be independent. In terms of the par-
ticle identification the outcome of these two methods must show correlation
and consistency. Before the alignment and tuning exercise it was assumed
that the likelihood method is preferring the kaon hypothesis systematically
which turn out not to be the case. These exercises show the expected consis-
tencies.
7.5 Characterisation of the COMPASS RICH
The efficiency and the contamination are the intrinsic figure of merit of any
PID detector. Therefore, to obtain a complete figure of performance of the
RICH, we need to identify tracks which are known. The performance of the
RICH in terms of PID is hence tested by checking the capability of the RICH
to identify these well-known particles correctly. In our case, we have only
one particle identification detector for identification of the charged hadrons,
therefore we rely on the track reconstructed vector mesons, scalar mesons,
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strange baryons etc and their very well known decay channels. Pure kine-
matic calculations allow us to select within our tracking precision the desired
tracks. The idea of computing the rich efficiency and purity of the sample is
apparently straightforward. Efficiency can be defined as the number of parti-
cles correctly identified. As an example: the ratio of number pions identified
as pions from a well-defined sample of pions over the total number of sam-
ple, is the pion identification efficiency of the RICH. A false identification
will incorporate either the misidentification probability, which is how many
times the a particle has been wrongly identified, or a contamination which is
the probability to identify a different type of particle as the one of our inter-
est. For the COMPASS RICH, the selection of pure tracks and the extraction
of the efficiency is done by using the already existing software framework of
COMPASS for extracting the RICH efficiencies. At the beginning of 2016 it
was reported that the pion efficiency is substantially lower and the pion to
kaon contamination is higher at higher momentum.
e(j→ i) = N(j→ i)
N(j)
(7.15)
Where N(j) is the of total number of particles of type j is taken as the sample.
N(j → i) is the number where particle j has been identified as i. The RICH
characterisation is the determination of the identification (e (j→ j)) and the
misidentification probabilities of the RICH. This probabilities are written in
a matrix form. The matrix is called the ’RICH matrix’.
MRICH =
0@ e(pi → pi) e(pi → K) e(pi → p) e(pi → X)e(K → pi) e(K → K) e(K → p) e(K → X)
e(p→ pi) e(p→ K) e(p→ p) e(p→ X)
1A (7.16)
Where X is the denoted to describe the particles where the RICH has not
identified the particle either as a pion or a kaon or a proton).
The inverse of the matrix will allow us to estimate the true number of
hadrons from the identified hadrons.
~Th = M−1RICH.~Ih (7.17)
The RICH matrix is determined by selecting particles of well-know decay
channels, purely based on kinematics. In the next section the selection of the
particles is described.
7.5.1 Track Selections
The selection of the tracks is done based on the COMPASS software package
PHAST. K0, φ mesons and L baryons have very specific decay channels. In
the following table I summarise the branching ratios of the decay channels
of the hadrons reconstructed by kinematics. The tracks have been selected
using the PHAST software. It needs user’s input to select particular tracks.
The following cuts are applied to all the samples:
172 Chapter 7. PID performance of COMPASS RICH
TABLE 7.1: Decay Channels and Branching ratios of selected
tracks
Hadrons Decays
Channel BR
KS pi+pi− (69.20± 0.05)%
φ K+K− (48.9± 0.5)%
KSKL (34.2±0.5)%
$pi + pi+pi−pi0 (15.32± 0.32)%
L(L¯) ppi−( p¯pi+) (63.9± 0.5) %
TABLE 7.2: Decay channels and branching ratios of the tracks
reconstructed from kinematics
• Bad Spills are excluded
• Best primary vertex is selected with incoming and scattered muon.
• Primary vertex is inside the target.
• Extrapolated track of the incoming muon should cross the target.
• 0.1 ≤ y ≤ 0.9.
The K0,L and φ particles have been selected by applying different cuts.
The weak force governs the decay of the K0,L particles. This gives a suffi-
ciently long lifetime and hence the decay length is long enough. This allows
us to search for secondary vertices. The φ meson decays via strong force.
Which is why the decay length is extremely short and we can not separate
the secondary vertex from the primary one.
Selection of K0 and L particles
The cuts applied for selection of these two particles can be grouped into three
parts.
1. Selection of good secondary vertex
2. Selection of good hadron tracks
3. Additional kinematic cuts.
The selection of good secondary vertex is assured by the following steps.
• Loop over all events
• There exists a primary vertex, which contains the beam µ particle and
scattered µ′ particle.
• Exactly two oppositely charged tracks are coming out of a vertex, which
is not a primary vertex.
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• These two tracks are not connected to any other primary vertex.
• The primary and the secondary vertex is separated by more than 2σ.
The following cuts assure that the two oppositely charged tracks are good
hadrons.
• Both particles have not crossed more than 10 radiation length. The
muon will travel much longer path and hence can be filtered out from
the pions.
• Last measured position of the tracks (Zlast) is behind the first stage spec-
trometer magnet SM1.
• Transverse momentum of the daughter particles are larger than 23 MeV/c
with respect to the mother particle. This cut filters the electrons.
• The decaying particles are connected to the primary vertex (θ ≤ 0.01),
where θ is the angle between the resultant vector of the decaying mo-
mentum vectors and the distance vector of the primary vertex to decay
vertex.
Additional kinematic cuts are applied, which cuts out
• Hadrons with momentum ph < 1 GeV/c.
• mass difference between K0 and L the invariant mass of the two decay
hadrons assuming the correct masses smaller than 150 MeV/c2
In the figure 7.33 the Armenteros plot shows the arc of the K0 andL particles.
The asymmetry in the longitudinal momentum of the two daughter particles
in the Lab frame are plotted against the transverse momentum of a particle.
The red dashed line indicates the cut applied on the transverse momentum
to filter out the low pT electrons. The asymmetry α is defined as :
α =
pL1 − pL2
pL1 + pL2
(7.18)
For the particles which decay into particles of same masses will be symmetric
around zero (a detailed derivation is described in appendix B). The decaying
particles will acquire the maximum pT, if they are decayed perpendicular to
the boost direction of the parent particle in the centre of mass frame. There-
fore, in the lab frame the longitudinal momentum of these two particles will
be the same, and hence α = 0. For K0s decaying into pi+–pi− pairs will result
in the symmetric arc. For the L particles, they will result in smaller arcs, left
and right half of the centre.
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FIGURE 7.33: The Armenteros plot for K0 andL; the red dashed
line shows the applied cut to filter the low pT electrons
Selection of φ mesons
The selection of the phi mesons is different than the K0 and L particles. The
φ particles decay via strong interaction, and hence their decay length is so
small that the secondary vertex can not be resolved from the primary vertex.
Therefore to search for φ meson decay product we look for three charged
tracks outgoing from the primary vertex. The sets of cuts can be grouped
into three groups.
1. Selection of possible events with φ candidates
• At least three outgoing particles including the scattered muon are
associated to the primary vertices.
• Looped over all outgoing particles
• Other than the scattered muon, the tracks are oppositely charged
and not a muon.
2. Selection of good hadron tracks as φ decay products
• Last measured position behind SM1
• Transverse momentum with respect to the mother particle larger
than 23 MeV to suppress electrons
3. Additional kinematic cuts
7.5. Characterisation of the COMPASS RICH 175
• Hadron momentum is between 9− 55 GeV/c
• Mass difference between mass of the φ particles and the invariant
mass of the two hadrons with an assumption that they have the
kaon mass should be smaller than 120 GeV/c2
For the selected samples, the RICH likelihoods of the two decay particles are
stored for further analysis. For each track an array of likelihood values are
stored for six hypotheses [e, µ,pi, K, P, Bkg].
7.5.2 PID performance based on likelihood
To check the PID performance of the RICH set of selected tracks are used. The
identification of these tracks are done based on RICH likelihood cuts. The ex-
ercise has been performed selecting good runs from 4 COMPASS data taking
periods. The idea behind in selecting kinematically reconstructed tracks is
to have pion, kaon and proton samples as clean as possible. The selection
of the φ meson candidate however brings large combinatorial background.
As mentioned already, the likelihoods values are used to check among the
finite numbers of mass hypotheses. Using the likelihood values, the particle
identification is done by comparing these values with one another. In the
simplest case, the highest one determines the particle type. For proton iden-
tification between kaon threshold and proton threshold different approach is
adopted. The RICH performance has been studied in term of identification
and miss-identification probability.The probabilities have been computed at
different momentum and angular bins. In this analysis I have not shown the
proton identification or misidentification. For each momentum bin, the ele-
ments of the efficiency matrix MRICH are determined separately for positive
and negative particles. The elements of this matrix contain the probability
for a particle i to be identified as a particle of type j, for example a pion that
is correctly identified as pion or wrongly as a kaon. The different elements
of the matrix are determined by e (i→ j) = N(i→ j)/N(i) where N(i) is the
total number of particles i andN(i → j) is the number of particles i, which
are identified as particle j. These numbers are evaluated using samples of the
selected decays. We take an example of extracting the elements for the pi+.
For the other particles the basic methods are the same. In the case of positive
pions, the events from the K0 sample are used where the negative hadron,
or the spectator, is identified as a pion using the likelihood cuts in table 7.3.
Therefore if the decaying particle was a K0, the second particle has to be a
pion too. Using the RICH, the particle type is determined for the second par-
ticle, which results in the number N(pi+ → j). An equivalent procedure is
used for positive kaons and protons using the φ and L samples. In order to
obtain these numbers for the negative particles, the same samples are used
but this time performing the identification of the positive particle in the first
place. The numbers N(i → j) are extracted using a fit, which is described
here for the K0 sample, where the negative pion is already identified. The
events are put into five different groups, depending on the particle type de-
termined by the RICH:
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1. All events (RICH not used for second particle)
2. Events where pi+ is identified as pi+
3. Events where pi+ is identified as K+
4. Events where pi+ is identified as p
5. Events where pi+ is not identified
for each of these groups and the number of events in the peak and the back-
ground are determined by a simultaneous fit of all five spectra. For K0 spec-
trum the signal of these spectra is described using two Gaussian distributions
with the same mean for the signal, where the idea behind the two Gaussian
is to account different resolution at two stages. The signal is termed as fSig
in equation 7.19, and a polynomial to describe the background, fBack. This
polynomial depends on the type of the decays. Their expressions are given
in table 7.4. The fitted function for each of the groups is given by:
f (x) = NSig fSig + NBack fBack (7.19)
where NSig is the amount of K0 and NBG the amount of background events.
Here, the same width, σ1 and σ2, of the two Gaussian distributions was used
for all five spectra.
pi K
mom p > ppi,thr p > pK,thr
LH(i)/LH(pi) - 1.08
LH(i)/LH(K) 1.0 -
LH(i)/LH(P) 1.0 1.0
LH(i)/LH(Bkg) 1.0 1.24
TABLE 7.3: Likelihood ratios applied to select the spectator
hadron, table used in [143]
The terms ppi,thr and pK,thr correspond to pion threshold momentum and
kaon threshold momentum respectively. The ratio δ of the amount of events
in both Gaussian distribution is the same. The background is same for all
the other spectra except where a pion has been identified as a proton, it is
slightly different.
An additional constraint has been added to the fit, by imposing that the total
number of K0 should be the sum events of the individual spectrum.
Sample Signal Background
K0 δ G(µ,σ1) + (1 -δ) G(µ,σ2) a + bx + cx2 + dx3
φ BW(µ,σ2)⊗G(µ,σ2) (x− t)mexp(−a(x− t)) where t = 2.mK
TABLE 7.4: Description of signal and background term for K0
and φ meson fitting
Therefore, the additional constraint is:
N(K0) = N(pi → pi) + N(pi → K) + N(pi → P) + N(pi → NoID) (7.20)
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This results in 16 free parameters of the fit.
In figure 7.34 we have shown the invariant mass histogram of the selected
L and L¯ baryons with and without the RICH information. The L parti-
cles dominantly decay into Ppi− pairs and L¯ particles decay into P¯pi+ pairs.
Based on the Armenteros plot the kinematic selection is made such that for
L like candidates the positive track has a momentum greater than the proton
threshold and the negative track follows the same criteria for the L¯. The in-
variant mass of such candidates are shown in the histogram filled in yellow
of figure 7.34, where we identify the signal over a significant background.
If in addition we select candidates where the track of our interest has been
identified as a proton like track by the RICH we plot the invariant mass of
the candidates; this can be seen in the red histogram of the same figure. We
see that the background has been significantly suppressed by the RICH PID.
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FIGURE 7.34: Mass spectrum of the L particles without and
with RICH information. The Histogram area filled in yellow
is the invariant mass distribution of L like particles without
RICH information, the histogram with RICH identified proton
has lower level of background.
Similar exercise has be done for the invariant mass spectrum of the K0
mesons where the RICH likelihood information has been used to reject the
kaon contamination. Figure 7.35 shows the rejection of kaon like tracks re-
duces the background of the K0 invariant mass distribution.
178 Chapter 7. PID performance of COMPASS RICH
K0L_mass
Entries  681691
Mean   0.4948
Std Dev    0.02791
0.4 0.45 0.5 0.55 0.6
]2 mass [GeV/c0K
0
5000
10000
15000
20000
K0_mass
K0L_mass_cut
Entries  387006
Mean   0.4978
Std Dev    0.01815
FIGURE 7.35: Mass spectrum of the K0 mesons with and with-
out RICH information
The φ mesons have large combinatorial background. For example, during
the kinematic selection of the decaying mesons, pion tracks can be wrongly
assigned a kaon mass and decay products of the $ mesons may come in a
combination of with the kaons. Figure 7.36 shows the φ meson peak over a
large combinatorial background.
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FIGURE 7.36: Mass spectrum of the φ mesons with and without
RICH information. One of the arm identified as a kaon by the
RICH suppresses the large combinatorial background
Using tracks with ratio of the kaon likelihood over the pion likelihood
larger than 1.2, we have obtained a clean Armenteros plot for the phi mesons,
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which can be seen in figure 7.37. Their physical parameters are in good con-
sistency with the kinematics. This observation enhances the fact that the pion
rejection appears to be very effective and the kaon efficiency is good.
A detailed derivation of Armenteros plot is performed in appendix B.
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FIGURE 7.37: Armenteros plot obtained from COMPASS data,
applying RICH identification
7.5.3 Efficiency and purity
The kaons produced in the muon proton reaction have much lower statistics
compared to the pions. Therefore, reduction of the contamination of the pi-
ons in the kaon samples is critical to study the physics channels where kaon
like particles are to be detected in the final state. At the beginning of 2016, a
lowering in the pion efficiency and increment of the pion to kaon contamina-
tion at higher momentum was reported in section 5.7 of [144].
We have computed probabilities to identify a species i as i and also the prob-
ability to misidentify i as j and their dependence as a function of the particle
momentum. We have used the samples from the decay product of the K0 and
φ mesons. For this computation we have taken hadrons entering the RICH
with an angle larger than 10 mrad, to avoid the beam pipe effect, and smaller
than 40 mrad, to stay within the forward region, which has large statistics.
The pion efficiency, namely the probability to identify a pion as a pion and
the pion to kaon misidentification probability are shown in the top two pan-
els from the left of figure 7.38 for positive pions and in figure 7.39 for negative
pions. The third column corresponds to cases where no identification was
possible because either electron or background hypotheses provided larger
LH values. The bottom panels of the two figures present the corresponding
probabilities for the kaons. The left most plot is for a kaon identified as a
pion; the middle plot is for the cases where a kaon is correctly identified as
a kaon; and the third plot corresponds to cases where no identification was
possible. The probability values are determined from the simultaneous fit
of the mass distribution of the decaying hadrons using the fitting functions
described in equation 7.19.The error bars represent the statistical uncertainty
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only and have been obtained by propagating the errors on the fitted param-
eters. As the nominator and the denominator of the efficiency formula are
correlated, the full covariance matrix of the fit has been used. In the figures
7.38, 7.39 we see that the pion identification efficiency is larger than 95% over
a wide momentum range and above 98% up to 30 GeV/c. The pion misiden-
tification as kaon has a probability below the 1% level. This will allow select-
ing highly pure kaon samples. The kaon identification near the kaon thresh-
old momentum is critical, it can be identified as a pion for 10% of the cases,
nevertheless near its threshold a kaon is also likely to be wrongly identified
as a proton. Using the RICH information for the identification of protons
below threshold needs further studies and hence it is not discussed in this
thesis. The kaon identification efficiency is also very high up to 35 GeV/c
and around 95% up to 30 GeV/c. An independent analysis done by using
the ring level information shown in figure 7.10 tells us that the RICH is capa-
ble of 5σ separation of the pion and kaon hypothesis up to 35 GeV/c.
Regarding the extraction of the kaon efficiency, the φ samples are not as clean
as the K0 since they include a large combinatorial background mostly com-
ing from pion tracks. The pion contribution can be suppressed by selecting
one arm to be a RICH selected kaon. This analysis has adopted the standard
approach of COMPASS to select the φ sample. The purity of the φ sample
can be determined from the invariant mass spectrum of the φ mesons, com-
puting the ratio between signal and signal plus background.
Furthermore, for the pion samples the study has been extended to different
polar angles as presented in figure 7.40. The pion detection efficiency and
pion misidentification as a kaon are consistent and show the expected angu-
lar dependence. Globally the pion identification efficiency is above 95% and
the misidentification as a kaon is below the 2% level, which guarantees an
efficient suppression of pions in the kaon samples.
In conclusion, the tuning and alignment of the RICH allowed to obtain a sig-
nificant improvement in the RICH performance in terms of LH values.
An alternative PID method, namely the ring χ2 analysis has been used for
cross-checking the RICH LH method and it has demonstrated to be fully con-
sistent with it.
The improvement in the pion identification efficiency and the significant re-
duction in pion to kaon misidentification probability are not coupled to a
change in the overall kaon to pion misidentification probability.
The matrices for efficiencies and misidentification probabilities, which are an
essential element for the COMPASS physics analysis, have been computed
using the LH values provided by the RICHONE software.
COMPASS RICH-1 provides 5σ pi-K separation and 98% pion identification
efficiency up to 35 GeV/c.
The overall hadron PID performance of COMPASS RICH-1 is outstanding.
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FIGURE 7.38: Efficiency of pi+ and K+ as a function of hadron momentum, where the spectator negative hadron detected
by the RICH LH cut set in table 7.3. The top panels correspond to identification and misidentification of pions and the
bottom panels correspond to the identification and misidentification of kaons.
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FIGURE 7.39: Efficiency of pi− and K− as a function of hadron momentum, where the spectator positive hadron detected
by the RICH LH cut set in table 7.3. The top panels correspond to identification and misidentification of pions and the
bottom panels correspond to the identification and misidentification of kaons.
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FIGURE 7.40: Efficiency of pi+ (top panel) and pi− (bottom panel) as a function of hadron momentum and at different
entrance angle in the RICH, where the spectator hadron detected by the RICH LH cut set in table 7.3
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Chapter 8
Conclusion
8.1 Hybrid detectors characterisation
A complete characterisation of the THGEMs has been done. To collect the
data for this characterisation, I have set up a trigger, checked the data qual-
ity and have analysed the data. The THGEM-MM based hybrids have been
characterised for the first time. Three of the four hybrids are working at an
effective gain ∼ 14000 ± 250. One of them is working at an effective gain
∼ 12500± 250. The effective gain is stabilised at a 2% level, thanks to the
automatic voltage correction, without which the fluctuation could have been
order of magnitude more.
The photon angle resolution is according to expectations. The global resolu-
tion is 1.83± 0.007 mrad. A nice consistency is observed within individual
cathodes.
In terms of the number of photons. The top two cathodes have shown full
consistency among themselves. For cathode 2:
Signal part of the function = 12.0 +/- 0.7
Background part of the function= 1.6 +/- 0.6
For cathode 4:
Signal part of the function = 10.1 +/- 0.8
Background part of the function= 0.2 +/- 0.6
We do not expect the number of photons to be exactly the same for the cath-
ode 2 and 4, since we know that the relative quantum efficiency of the coated
CsI is slightly different and also the single photo-electron detection efficiency.
An approximate time resolution of the hybrids have been extracted by largely
modifying the reconstruction code. It does not take into account the un-
certainty in the trigger timing. However, the time resolution 8.8± 0.1 ns is
promising.
8.2 RICH tuning and particle identification
A large discrepancy in the estimated (n-1) histogram has been observed dur-
ing 2016 data taking. The global refractive index in the forward region ap-
peared with double peak. Also cathode wise inconsistencies were observed.
To address the problem, a large campaign of survey was done. The analy-
sis of survey data coupled with revisiting the mechanical drawing leads us
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to modification in the RICH geometry. Further residual inconsistencies had
been addressed by aligning the global mirror position based on real data. A
movement of the mirror centre largely resolved the top bottom asymmetry
in the refractive index.
Further tuning was done and contamination of the electron from the pion
sample to extract the refractive index has been achieved by selecting an opti-
mal momentum region. Cathode wise fluctuation of the (n-1) has been con-
strained within 1% level. The current tuning has achieved σ(n−1) ∼ 100ppm.
After the mirror tuning and correctly estimating the refractive index, the cen-
tral value of the ring residual distribution has improved. The distribution
has become more centred toward zero, −0.070± 0.003 mrad. The sigma is
improved to 0.32± 0.005 mrad.
The effect of the alignment and refractive index on the dependence of esti-
mated mass2 of the particle versus the momentum has been studied. At large
momentum a clear improvement has been observed.
A consistency check has been done within different PID methods, namely
likelihood and the χ2 fitting. A total consistency is seen. In terms of particle
identification the performance is enhanced. The misidentification of a pion
to a kaon has largely decreased. There is no sign of favoring the pion hy-
pothesis due to a bias, solving the reported problem at the beginning of 2016.
After the RICH tuning independent work by different groups has shown an
agreement with the claim of the thesis in terms of PID.
The novel MPGD bases hybrid detectors of single photons introduced by
COMPASS RICH group have shown efficient performance and good stabil-
ity. This technology is validated and has good perspective of future appli-
cations. The overall COMPASS RICH-1 PID performance is excellent and
has improved over years, this state of the art detector provides unique and
outstanding tools for physics investigation related to hadron structure and
spectroscopy.
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Appendix A
Theoretical Interpretation of
Cherenkov relation:
Frank and Tamm relation
A.1 Classical Electromagnetic Description
In section 3.2 I have given a qualitative description of the Cherenkov equa-
tion and Frank and Tamm Relationship.In this appended part I will describe
a bit more theoretical detail. This part is mostly based on Classical Electro-
magnetism by J.D. Jackson and Cherenkov Radiation and its applications by
J.V. Jelley. I will simplify the derivation with the following assumptions:
1. The medium is continuum, which means the microscopic structures are
not considered and dielectric constant or in other words refractive in-
dex is the only parameter of the radiating media.
2. In the first approximation, we have no dispersion in our medium.
3. No radiation reaction is changing the state of the medium.
4. The magnetic permeability of this medium is unity, and the conductiv-
ity is zero. Simply, our medium is isotropic dielectric.
5. The charged particle is of unit charge and moving with a constant speed
and moving length within the medium which is infinitely large com-
pared to the atomic scale.
The relationship between the electric field and the Polarisation can be as fol-
lowed:
~Pω = e0χe ~Eω = (n2 − 1) ~Eω (A.1)
where sub-scripted omega denotes the molecular level oscillation. χe, e0 are
electric susceptibility and dielectric constant at vacuum respectively. There-
fore the dynamics of the Polarisation can be written:
∂2~P
∂t2
+å
s
ω2s .~Ps = α~E (A.2)
190 Appendix A. Theoretical Interpretation of Cherenkov relation:Frank and Tamm relation
where the sum is over all atomic frequency level and alpha represents the
atomic polarisibility per unit volume. The problem to find the electric field
and the Polarisation field created by the passage of the charged particle can
be done, by expanding all the field variables in Fourier series:
~E =
Z +¥
−¥
~Eωeiωtdω, ~P =
Z +¥
−¥
~Pωeiωtdω (A.3)
Similar to the relationship A.1 we can write Dω = n2Eω, where D is the
dielectric field. From the knowledge of Maxwell’s equation we can write for
the medium equation in terms of scalar and vector potentials.
~Hω = curl ~Aω (A.4a)
∇2 ~Aω + ω
2n2
c2
~Aω = −4pic
~jω (A.4b)
∇2φω + ω
2n2
c2
φω = −4pin2 $ (A.4c)
~Eω = −1c
∂ ~Aω
∂t
− gradφω (A.4d)
where we assume that the two potentials are interrelated by Lorenz gauge
div.~A + (
n
c
)2
∂V
∂t
= 0
If the charged particle is moving in +z axis with a speed v, then correspond-
ing current density can be written as:
jz = evδ(x)δ(y)δ(z− vt),
the other two components are zero. Expanding jz, we can write:
jz(ω) = e/(2pi)e−iωz/v.δ(x)δ(y)
The cylindrical form is:
jz(ω) = e/(4pi2ρ)e−iωz/v.δ(ρ)
Putting the expression of current in equation A.4a, and assuming the z com-
ponent of the vector potential is only nonzero. If we assume the expression
of Az(ω) = u(ρ)e−iωz/v, we can insert this expression of vector potential and
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current in equation A.4b we get:
1
ρ
∂
∂ρ

ρ
∂u(ρ)e−iωz/v
∂ρ

+
1
ρ2
∂2u(ρ)e−iωz/v
∂φ2
+
∂2u(ρ)e−iωz/v
∂z2
+
ω2n2
c2
u(ρ)e−iωz/v = −4pi
c
e
4pi2c
δ(ρ)e−iωz/v = − e
cρpi
δ(ρ)e−iωz/v;
⇒
"
∂2u(ρ)
∂ρ2
+
1
ρ
∂u(ρ)
∂ρ
− ω
2n2
v2
+
ω2n2
c2
#
e−iωz/v = −e−iωz/v e
cρpi
δ(ρ);
⇒
"
∂2u(ρ)
∂ρ2
+
1
ρ
∂u(ρ)
∂ρ
+ s2
#
= − e
cρpi
δ(ρ).
(A.5)
where s2 = ω
2n2
c2 − ω
2n2
v2 =
ω2
v2

β2n2 − 1

= −λ2p. Now, the final expression
of equation A.5 is a cylindrical Bessel function satisfied by u(ρ) is the right-
hand side is equal to zero, everywhere except ρ = 0. This Pole can be tackled
by assuming that the right hand side, let’s say,
f = − e
picρ0
∀ ρ < ρ0; (A.6)
and
f = 0 ∀ ρ > ρ0
Therefore, we can construct a Bessel equation which is satisfied by the cylin-
drical function u, with the aforesaid boundary condition."
∂2u(ρ)
∂ρ2
+
1
ρ
∂u(ρ)
∂ρ
+ s2
#
= 0 (A.7)
Thus, we can integrate the final expression of equation A.5 of a disc of radius
ρ′, and finally to go over limit ρ → 0. Nevertheless, we can assume that our
function is well behaved and for ρ = 0. That means, if the function is not
finite we allow ρ = 0 to be a pole of order 1, i.e., we assume:
lim
ρ→0
Z 2pi
0
dφ
Z ρ
0
dρ′ρ′u(ρ′,ω) = 0 (A.8)
We can integrate the final expression of A.5. The second term will turn zero
after the integration. The first term of the left hand side and the right hand
side can finally be expressed as:
lim
ρ→0
ρ
∂u
∂ρ
= − e
pic
(A.9)
A Bessel type differential equation has two linearly independent solutions
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which may be expressed in different forms. The Henkel functions are the
linear combination of the linearly independent two solutions, describing the
travelling wave. Then the solutions can be written finally as;
u(1)(2)(χ) = ζ(1)(2)H(1)(2)0 (χ)
Where χ = sρ. For very small argument approximation the asymptotic form
for the solutions of Bessel functions can be written as:
lim
χ→0
χ
∂u(1)(2)
∂χ
= lim
χ→0
χ
∂ζ(1)(2)H(1)(2)0 (χ)
∂χ
lim
χ→0
χζ(1)(2)
∂
∂χ

1± (ln(χ/2) + γ)

= ± 2
pi
ζ(1)(2).
(A.10)
Therefore, requiring the fact that the right hand side of equation A.10 has to
be the same with the right hand side of equation A.9 the individual solutions
can be written as:
u1(χ) = i
e
2c
H10(χ)
u2(χ) = −i e
2c
H20(χ)
(A.11)
Now, in order to have a physical radiation at large distance (compared to the
atomic scale) large value of the argument is needed. The Henkel asymptotic
for large arguments are described as:
H10(iλPρ) =
s
2
piiλPρ
exp[i.(iλPρ− pi4 )]
H20(sρ) =
s
2
pisρ
exp[−i(sρ− pi
4
)]
(A.12)
With the aid of equation A.12, A.11 and the functional form of Aωassumed
to derive equation A.5, we get and expression of the vector potential for slow
particles and relativistic particles respectively. For the slow particles the s2 <
0;λP > 0, and hence for the condition λP.ρ  1, we can express the vector
potential as;
AZ =
e
c
Z +¥
0
exp[−λP.ρ+ω(t− z/v)]p
(2piλP.ρ)
(A.13)
We can see, that for large values of ρ the exponential term rapidly falls and
hence there is no observable radiation in remote parts from the trajectory. On
the contrary, for the condition β.n(ω) > 1, we can write the vector poten-
tial where s2 > 0, and hence A.5 represents a cylindrical wave equation, at
infinity. Specifying u as the outgoing wave, we can have
~AZ = − ec zˆ
Z +¥
0
exp[iω(t− z/v)− i(sρ− pi4 )]p
(2pi.s.ρ)
(A.14)
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Now, we can calculate the physical field. It is clear that the electric field vector
of the wave lies in meridian plane(z,ρ). We can compute the field intensities
from Maxwell’s equations and we get three non zero surviving field intensity
vectors. If we use our intuitive defintion of Cherenkov angle cos θ = 1nβ , we
get the expressions of the non-zero field intensities as:
Hφ = − a√
ρ
Z √
s cosχdω
Eρ = − ac√ρ
Z p
(β2n2 − 1)
β2n2
√
s
cosχωdω
Eρ = +
a
c
√
ρ
Z
(1− 1/β2n2) cosχωdω
(A.15)
where H is not to be confused with Henkel function. It is the physical mag-
netic field in the matter. a = e/c
√
2/pi is a constant and χ = ω

t− zcosθ+ρsinθc/n

+
pi
4 . The Poyenting vector accounts the directional energy flux. It can be used
for the total outward radiation. Classically Poyenting vector is defined as
~S = ~E× ~H. Hence, the total energy (W) radiated by the particle through the
surface of a cylinder of length l whose axis is coincidental to the track of its
motion, is equal to:
W = 2piρl
Z +¥
−¥
c
4pi
~Sdt
W =
e22
c3ρpi
2piρl
c
4pi
2pi2pi
Z 
1− 1
β2n2

ωdω
(A.16)
We have use the identity;
R +¥
−¥ cos(ωt+ α)cos(ω
′t+ α′)dt = piδ(ω−ω′). The
important equation that is the energy radiated by the track per uni length is
therefore:
dW
dl
=
e2
c2
Z 
1− 1
β2n2

ωdω (A.17)
There has been no frequency cut-off has been in the derivation of the rela-
tion.The two factors are setting an upper limit to the frequency spectrum.
From equation A.17 we can obtain the number of photons emitted by the
charged particle (N):
N = 2pi.Lα
Z
β.n>1

1−
βth(λ)
β
2dλ
λ2
(A.18)
where α is the fine structure constant and the particle traverses a distance L in
the dielectric medium and the photon wavelength is λ. The total number of
photons depends upon the wavelength integration, but the number of pho-
tons emitted per unit length and per unit energy can be taken as a constant,
whenever there are no absorption bands in the interested frequency region.
The conclusions are the following:
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• the energy loss for Cherenkov radiation is of the order of keV/cm.
• the amount of Cherenkov radiation is proportional to the square of the
particles charge, where in equation A.17 the particle charge can be gen-
eralised to Ze for particles with more than one electronic charge. How-
ever, the amount of Cherenkov radiation does not depend on the mass
of the particle.
• the photon yield per unit wavelength interval dλ is proportional to dλ
λ2
,
hence most photons are emitted in the UV region.
• the number of photons emitted per unit length and per unit frequency
is constant.
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Armenteros plot
FIGURE B.1: 2 body decay in centre of mass frame
Let us assume a particle of mass M decays into two daughter particles of rest
mass m1 and m2 respectively. At the centre of mass frame of the decaying
particle the its momentum four vector can be written as (M, 0, 0, 0). The de-
caying particles will be emitted back to back due to conservation of linear
momentum. Therefore we can write, p1cm = −p2cm = pcm and their momen-
tum four vectors are written as: (E1cm, pcm) and (E2cm,−pcm).
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The conservation of energy makes: M = E1cm + E2cm. Using Einstein’s
energy equation we can write:
M =
q
m21 + p
2
cm +
q
m21 + p
2
cm
(M−
q
m21 + p
2
cm)
2 = (
q
m22 + p2cm)
2
p2cm =
1
4M2
(M4 + m41 + m
4
2 − 2M2m21 − 2M2m22 − 2m21m22)
(B.1)
Based on the equation B.1 we can also estimate the energy of the daughter
particles in the center of mass frame. The center of mass energy (E1cm) of
particle 1 is given by:
E21cm = p
2
cm + m
2
1
E21cm =
(M4 + m41 + m
4
2 − 2M2m21 − 2M2m22 − 2m21m22 + 4M2m21)
4M2
E21cm =
(M2 + m21)
2 − 2m22(M2 + m21) + m42
4M2
E21cm =
(M2 + m21 −m22)2
4M2
(B.2)
Similarly we can compute the center of mass energy (E2cm) of particle 2.
E22cm =
(M2 + m22 −m21)2
4M2
(B.3)
In figure B.1 we assumed that one of the particles made and angle θ along
the direction of the boost of the parent particle. The daughter particles will
have a component pLcm along the boost direction and component pTcm trans-
verse to pLcm. The component pTcm will not have an effect of the boost. The
particles emitted at perpendicular to the boost direction will have no longi-
tudinal component and therefore the transverse component in such case will
be maximum. The Lorentz transformation of the longitudinal component of
the two particles in the Lab system is:
p1L = γ(pLcm + βE1cm) = (pcm cos θβE1cm)
p2L = γ(−pcm cos θ + βE2cm) (B.4)
Equation B.4 suggests that the momenta in the lab frame of the two decaying
particles coming from the same decayed particle, is dependent on the angle
at which they were emitted in the centre of mass frame of the parent particle.
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The asymmetry α of the two daughter particles are given by:
α =
p1L − p2L
p1L + p2L
=
(pcm cos θ + βE1cm)− (−pcm cos θ + βE2cm)
(pcm cos θ + βE1cm) + (−pcm cos θ + βE2cm)
=
2pcm cos θ + β(E1cm − E2cm)
β(E1cm + E2cm)
=
2pcm
βM
cos θ +
E1cm − E2cm
E1cm + E2cm
=
2pcm
βM
cos θ +
(E1cm − E2cm)(E1cm + E2cm)
(E1cm + E2cm)2
=
2pcm
βM
cos θ +
(m21 + p
2
cm)− (m22 − p2cm)
M2
=
2pcm
βM
cos θ +
m21 −m22
M2
(B.5)
For particles with β −→ 1 equation B.5 limits the upper and lower values of
α. If we write α0 =
m21−m22
M2 and δ = 2pcm/M.
Then the asymmetry is constrained α0 − δ ≤ α ≤ α0 − δ. The cos θ = α−α0δ
and sin θ = pTpcm . In the plane (α,pT) a elliptical shape will define the decay of
the particles from a two body decay.
(
α− α0
δ
)2 + (
pT
pcm
)2 = 1 (B.6)
From equation B.6 the centre of the ellipse is at (α0, 0) = (
m21−m22
M2 , 0) and the
radii of the ellipse are (rα, rpT) = (2pcm/M, pcm).
Decay Mass(GeV) Products m1(GeV) m2(GeV) pcm(GeV) rα α
K0 0.498 pi+ pi− 0.139 0.139 0.206 0.826 0
L 1.116 P pi− 0.938 0.139 0.101 0.18 ±0.69
φ 1.02 K+ K− 0.493 0.493 0.130 0.254 0
TABLE B.1: The table showing variables with physical values
obtained from kinematics
In the figure 7.37 we see the Armenteros plot for the φ decays from COM-
PASS spectrometer, with identified Kaons from the RICH. We see the values
of rα and pcm are reasonably consistent.
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Appendix C
Essential Classes for RICHONE
The code has some conventions, some of which I will mention as example:
• Each member of the class is extracted by a method, this ensures no over-
lapping of variables.
• Some methods start with an unique identity "Check", these classes books
the relevant histograms.
• Individual 116 mirror elements are listed as "MirrorElem". The two
mirrors, namely Up and Down are listed as "MirrorNorm".
• Some variables have the suffix “W”, which signifies the working refer-
ence system. For instance, the two references of the 2 photon detectors.
The origin is the mirror center, the z axis is perpendicular to the detec-
tor surface and the y is >0 (< 0) for the up (down) detector. This system
is used for the Rugh transformation. It is not the Lab coordinate system.
Variables in the lab coordinate system has a suffix “0”.
C.1 Description of associate Classes of RICHONE
C.1.1 CsRCEventParticles.cc
The class CsRCEventParticle reads as input by looping over all the tracks
from the CORAL by looping over all the items stored by CORAL tracking
classes listed as CsTrack, and stores a list of objects is created in CsRCParticle
as output. Inside the loop :
– unusable events are skipped.
– each reconstructed track is checked and in case their momentum is not
zero, the first helix(position, direction and momentum) is after the target and
the last helix is after the first magnet SM1, they are selected for the RICH
analysis. There are four methods for the different types of data:
• raw data : setDataParticle: put the track information relevant for RICH
reconstruction in CsRCParticles.
• gFiles data : setMyParticle: In this case information from CsTracks is
not available, so CsRCEventParticle puts the object found in the gFiles
in CsRCParticles; gFiles are binary files, so with this method the infor-
mation are translated in CsRCParticles.
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• 2 options for Monte Carlo data: setMCParticle and setMCRecParticle;
store the info from the simulation after the digitization.
In the real data analysis of 2016, we only investigate the RICH algorithm of
the first kind to study the RICH performance. Nevertheless, after the task of
the class is finished, RICHONE interacts only with CsRCParticles, not with
CORAL tracks.
C.1.2 CsRCEventPads.cc
The class CsRCEventPads reads the digits which are listed as CsDigits as the
input and a list of objects is created in CsRCPad as output object. The “pads”
are the digits of CORAL, it is taken from DDD via another class CsGeom,
where the geometry of all the objects of the spectrometer is defined. For the
RICH the pads are mainly:
• CsI: based on the fired pads several information are stored. Identity of
the cathode/s where the pads belong, number of pad has been fired,
the coordinates of the pad in the cathode, the 3 amplitudes of the APV
signal, namely A0, A1andA2.
• MAPMT: the information stored are similar to the CsI based cathodes,
but only difference is that the time information is stored instead of pulse
heights;
We had a readout system based on Gesiplex, which is an obsolete electronics
and I will not discuss it here. The subroutines associated to this particluar
type of electronics are not called.
Also in this case there are 4 options as already mentioned and methods
dealing with the different type of data. But for our analysis only the method
associated to the raw data has been used.
The class has many methods, but the main functionality is contained in
the following ones:
– checkPMTPad, checkAPVPad (set with an option “APVamplCuts”) : these
two methods are used to cut the events respectively w.r.t to the time informa-
tion “TO” and to the 3 APV amplitudes
–setDataPads(): it is a pointer to RichDetector , in which there is the method
getMyDigits, giving the list of RICH digits. Each digit contains an address,
used to have the cathode number,cordinate of the pad etc., based on the de-
tector types. Currently, there are 2 types of digits for the RICH:
• APV : get the 3 amplitudes (in gFiles they are combined in one variable
only )
• PMT : if the T0s are stored in the conditionDB, the info is available in
the digit;
–acceptPads: to process APV or PMT only (option in the option file). If the
pad is accepted after passing the conditions, than the object pad is built.
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C.1.3 CsRCEventCluster.cc
The photon hits detected by the photon detectors of COMPASS RICH are
classified differently for the MAPMTs and the gaseous detectors. The hits of
the MPMTs are ascribed by their time information and the gaseous detectors
are by their three signal amplitude. The hit time information is used to re-
ject out-of-time photons. Whereas the hit amplitudes are used to reduce the
background both from out-of-time photons and from electronic noise.
A converted photon does not only induce the signal in one pad of the
gaseous detectors, but also adjacent pads share the signal amplitude. A clus-
tering algorithm is used for this purpose. The impact position or the centre of
charge position is then taken as the cluster position, it is then stored in a list.
The class CsRCEventCluster transform digits into clusters. It has been stud-
ied that the cluster size of the (ON for CsI, OFF for MAPMT; can be changed
via options) and performs coordinate transformation. If clustering is OFF,
CsRCPads info is directly transferred to CsRCCluster. If it is ON, every CsR-
CCluster object contain also a list of pointers to the corresponding CsRCPad
The class has two main methods, one for effective clustering (doCluster-
ing() ) and the other to transform a pad in a cluster object (getClusFromPads()
) Both methods have 2 overloading, one without arguments, the other with
the cathode number as argument.
Inside the methods, we have the distinction between APV based photon
detectors and the MAPMTs.
The transformation from pad to cluster (done with doClustering or get-
ClusFromPads) implies the change of coordinate system: the Cluster has x
and y coordinates in the detector system (not the lab frame of refernce).
C.1.4 CsRCEventPartPhotons
In this class the association of the clusters to the particles is done. The main
method of the class is “getEventPartPhot”. In a loop on the particles of the
event, all the clusters (in a fiducial range of 70mrad around the track, both
in the upper and in the lower detector) are associated to each particle (NB
also a “global” approach could have been tried = one global, iterative re-
construction for one event). The particles are considered only if the method
“doSelMirror” return a true value; the method checks if the track has an im-
pact point on the mirrors; since the mirrors is considered larger than in real-
ity, this control is only rejecting very rare case of wrong reconstructions.
Two angles θ and φ are reconstructed making the Rough transformation
(the middle point of the track is defined for this purpose). Note that each
particle has its own reference system. A list of “photons objects” is created
and then corrections (lenses and quartz window) are applied. The definition
of φ is arbitrary, and taken as the intersection with the yz plane in lab.
Methods “PartPhoSelection” checks if the PartPhoton are in the “range”
asked for the processing: useful for example if one wants to process only
annular regions, or in general make some geometrical request.
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Method “partAllIdent()” : likelihood computation via “getLikelihood”;
Loop on PartPhotons, in which the PID is called. The likelihoods are put in
PartProbs, member of CsRCPartPhoton.
At the end, an object CsRCPartPhoton is created for each CsRCParticle.
It is equivalent, but contains more information: it contains a list of objects
CsRCPhotons, that are the clusters transformed in the θ and φ information.
C.1.5 CsRCEventRings
Note that in principle this class could be switched off. The CPU time de-
creases a lot, but half of the information of the buffer is lost.
The main method is getEventRings. The input are the “photons” objects,
containing the Cherenkov angle. The angles in the PMT part are normalized
for the refractive indexes, to have homogeneous values for the PMT and CsI
part. The normalization is done like cos(θPM)cos(θUV) =
nPM
nUV
The angle variables are
“the0_” (theta in PMT or UV part), “the_” (the current), “theNorm_” (nor-
malized).
The ring is reconstructed, and its χ2 and its likelihood are evaluated.
This likelihood could be an alternative to the standard likelihood computed
without ring reconstruction. The type of likelihoods can be selected using
the options “ALL” and “RING”. The ring reconstruction is via the method
getRingPk, that counts entries inside windows in the θ distribution. The ring
is defined by the window with more counts (Search for a peak: “peakSearch-
Mode” COUNT in the option files).
At the end the class CsRCRing is created, containing a sub-list lPhotons
of CsRCPhotons belonging to the ring.
C.1.6 CsRCEventAnalysis
The analysis class is used for internal analysis (e.g. fit rings methods), tuning,
histos. The analysis part could be skipped in production, since it produces
histograms.
C.1.7 CsRichOneDisplay
The event online display in ROOT by A.Bressan.
C.1.8 CsRCEventDisplay
The event display in PAW by P.Schiavon. it is not online, it is made by his-
tograms and need a PAW macro in order to be interpreted.
C.1.9 CsRCntup
Filling and saving of ntuple, paw or root. If in the option file this section is
switched on, then this section saves in the output histograms a root NTuple.
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The root NTuple is called “RICH” and it can be categorized into four blocks
depending on the stored information. The blocks are given below:
• Tracks
• Rings
• Photons
• PID
Tracks For the tracks the product of the charge and momentum is stored. In-
formation related to the tracks at the RICH entrance is also stored in the tree.
The x,y and z position at the RICH entrance is stored in units of mm. Where,
z coordinate is along the nominal beam direction, x coordinate is along Saleve
to Jura side of the spectrometer hall, and y is from bottom to top. Also the
direction of the tracks are given by two tangents of the tracks at the RICH
entrance is stored. Tangents are defined tgx = x/z and tgy = y/z. This
information is directly derived from the tracking classes of CORAL. The in-
formation related to the ring, single photons and likelihood values for the
PID are derived from the RICHONE reconstruction source.
The Ring level information contain the reflected track onto the detector plane.
Which is the ring centre along with the ring theta. The assumption is that
each track has one ring at the RCHONE level. Therefore, for each track likeli-
hood of six hypotheses is computed and stored. The rings do have informa-
tion related to the χ2 of the ring theta.
For each photon in the ring, its cathode id, coordinates, signal amplitudes are
recorded at the RICHONE tree level information.
C.1.10 CsRCPartPhotons
Two φ are evaluated:
• φA: angle between particle-photon plane and particle-lab z axis plane:
used for the corrections, for the error evaluation of φ in the LH.
• φpp: angle between particle-photon plane and particle-reflected particle
plane (this corresponds to the principal axis of the ellipse in the detector
plane)
C.1.11 CsRCLikeAll.cc
This class contains only virtual members; the true members are in the classes
CsRCLikeAll*.c, that inherits from it. The Class in use is the ’05’. The correct
class is called from the functions CsRCPartPhotons::getLikelihood(), CsR-
CPartPhotons::GetLikeAll(), reading the background name in the options
files.The LH value is computed for each track for different mass hypothe-
sis [140]. Likelihood computation: the first operation is the evaluation of the
204 Appendix C. Essential Classes for RICHONE
normalization: signal (integral of the signal in the 70 mrad regions) + back-
ground. This normalization is called every time the likelihood is called (for
each mass hypothesis: note that the background normalization could be also
computed only once, since it does not depend on the mass hypothesis). this
part can use a large amount of CPU if the “DoCheckLikelihood” option is
ON, and when the maximum angle of the LH is computed (in this case the
LH is called 25 times).
After the normalization, there is a loop on the photons, in which the eval-
uation of the signal and background part are evaluated. At the end of the
loop, the output is the total LH and the LH of the background. The LH is
stored in the buffer if the number of photons is greater that 1, otherwise the
default values are stored. If the normalization option of the LH is ON (no
“poissonian” LH), the square root of the LH is done, and the LH is divided
for the integral (S+B). In the ’05’ LH case (“poissonian” LH), the LH is mul-
tiplied for (S+B) and multiplied for e−S/N ( e−B/N/N! is not needed since I
compare the LH from the different hypotheses).
Details on normalization terms:
–signal: For each called for each track, each hypothesis. the signal is eval-
uated from the Frank and Tamm relationship: N = L ∗N0 ∗ sin2(θ). θ is theta
hypothesis, L from the track, N0 is from the option file: 12 for UV and 64 for
PMT. The fraction of photons in one region and another is evaluated for the
evaluation of the total number of photons (nPhoExp = nPhoPM + nPhoAPV).
The number in the options are fixed.0
For each particle there is a part of toy MC, to evaluate losses due to the
pipe or the dead zone as the lunettes. 50 photons are generated along the
trajectory, and it is checked how many survive despite the dead zones. This
probability is taken into account in the signal part.
– The normalization of the background is evaluated but not used. It is the
integral of the map in the 70mrad region.
Signal part: evaluated for each photon, for each hypothesis. It the gaus-
sian term, then muliplied for the normalization factor already evaluated for
the normalization . Background: is the term read from the background map
file (number of photons for pixel for event), multiplied for 2 terms coming
from the Jacobian of the transformation between cartesian coordinates and
spheric coordinate *theta * factor , coming from focal length).
C.1.12 CsGeom.cc
CORAL class containing all the geometry of the detectors. For the RICH calls
the classes CsRCMirror, CsRCCathode, CsRCDetectors, that read the options
from the RICH options file.
CsRCCathode: define the type of cathode reading the DBname from the
detector.dat: (RI, RA (apv), RM o RP (pmt))
C.1.13 CsRCRecConst.cc
Contains some constant values (not options)
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C.1.14 CsRCExeKeys.cc
Read the RICH options and makes them available from all parts of the pro-
gram. For each key, a default value is defined (so in principle one could
reduce the file of the richone options to few lines).
C.1.15 CsRCHistos.cc
Class to book the histograms. Note that there is an offset of 2000 between
the number of the histogram in the code and in the output. Some histograms
that can be useful:
– 1524 (saved as 3524) : A2 distribution in the 16 cathodes, for PADS. It is
TH2D, in order to have the distribution for one cathode one has to make the
projection.
– 1527 as previous one, for clusters.
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Modifications in the detector table
The tables D.1 and D.2 are presented to show the modifications made in the
detector table driven by the survey analysis. The first two rows in the tables
under section ‘RICH pd’ correspond to the centre position of the big frame
hosting the individual cathodes. The indices Up and Down correspond to
the upper big frame and lower big frame of the detector. The data suggested
a modification of these numbers.
In the following rows under section ‘cath’, we have the centre positions of
the individual cathodes with respect to the big frame centre position hosting
that cathode. The name of the cathodes are represented as ‘UXX’ or ‘DXX’,
namely cathodes corresponding to upper or lower big frames. There are total
of 16 cathodes, in each frame hosted 8. There indexing start from the Jura.
For example in the top frame: Jura MWPC id 0 in figure 4.1 is ‘U01’, id 1 is
‘U02’, id 3 (Top Jura Hybrid PD) is ‘U03’, id 4 (Top Jura MAPMT) is ‘U04’
etc. The similar approach has been taken for the detectors in the bottom. The
relative offset has been modified following survey data.
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Rich pd
name centre-x centre-y centre-z
phot0 Up 609.1 0 193.1
phot0 Down 609.1 0 -193.1
cath
ID TBname name offset-x offset-y offset-z npadx npady padx pady qz-wind gap
cath 901 RA01P0_u U01 4.5 95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 902 RA01P0_d U02 -4.5 95.25 -29.76 72 72 0.8 0.8 0.5 3.4
cath 903 RA01P1_u U03 3.15 31.75 30.28 72 72 0.8 0.8 0.5 4.7
cath 904 RM01P1_d U04 -4.5 31.75 -29.76 48 48 1.2 1.2 0.5 3.4
cath 905 RA01P2_u U05 3.15 -31.75 30.28 72 72 0.8 0.8 0.5 4.7
cath 906 RM01P2_d U06 -4.5 -31.75 -29.76 48 48 1.2 1.2 0.5 3.4
cath 907 RA01P3_u U07 4.5 -95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 908 RA01P3_d U08 -4.5 -95.25 -29.76 72 72 0.8 0.8 0.5 3.4
cath 909 RA01P4_u D01 -4.5 95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 910 RA01P4_d D02 4.5 95.25 -29.76 72 72 0.8 0.8 0.5 3.4
cath 911 RM01P5_u D03 -4.5 31.75 29.76 48 48 1.2 1.2 0.5 3.4
cath 912 RA01P5_d D04 3.15 31.75 -30.28 72 72 0.8 0.8 0.5 4.7
cath 913 RM01P6_u D05 -4.5 -31.75 29.76 48 48 1.2 1.2 0.5 3.4
cath 914 RA01P6_d D06 3.15 -31.75 -30.28 72 72 0.8 0.8 0.5 4.7
cath 915 RA01P7_u D07 -4.5 -95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 916 RA01P7_d D08 4.5 -95.25 -29.76 72 72 0.8 0.8 0.5 3.4
TABLE D.1: The detector.dat table prior to the survey where the Up down refers to the centre of the frame hosting the
detectors. And each detector has its own centre w.r.t the big frame centre. The units are in cm.
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Rich pd
name centre-x centre-y centre-z
phot0 Up 609.6 0.44 192.87
phot0 Down 609.6 0.44 -193.36
cath
Det ID TBname name offset-x offset-y offset-z npadx npady padx pady qz-wind gap
cath 901 RA01P0_u U01 4.5 95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 902 RA01P0_d U02 -4.5 95.25 -29.76 72 72 0.8 0.8 0.5 3.4
cath 903 RA01P1_u U03 2.952 31.75 29.620 72 72 0.8 0.8 0.5 4.7
cath 904 RM01P1_d U04 -4.821 31.75 -30.146 48 48 1.2 1.2 0.5 3.4
cath 905 RA01P2_u U05 2.952 -31.75 29.620 72 72 0.8 0.8 0.5 4.7
cath 906 RM01P2_d U06 -4.821 -31.75 -30.146 48 48 1.2 1.2 0.5 3.4
cath 907 RA01P3_u U07 4.5 -95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 908 RA01P3_d U08 -4.5 -95.25 -29.76 72 72 0.8 0.8 0.5 3.4
cath 909 RA01P4_u D01 -4.5 95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 910 RA01P4_d D02 4.5 95.25 -29.76 72 72 0.8 0.8 0.5 3.4
cath 911 RM01P5_u D03 -4.821 31.75 30.146 48 48 1.2 1.2 0.5 3.4
cath 912 RA01P5_d D04 2.952 31.75 -29.620 72 72 0.8 0.8 0.5 4.7
cath 913 RM01P6_u D05 -4.821 -31.75 30.146 48 48 1.2 1.2 0.5 3.4
cath 914 RA01P6_d D06 2.952 -31.75 -29.620 72 72 0.8 0.8 0.5 4.7
cath 915 RA01P7_u D07 -4.5 -95.25 29.76 72 72 0.8 0.8 0.5 3.4
cath 916 RA01P7_d D08 4.5 -95.25 -29.76 72 72 0.8 0.8 0.5 3.4
TABLE D.2: The detector.dat table prior to the survey where the Up down refers to the centre of the frame hosting the
detectors. And each detector has its own centre w.r.t the big frame centre. The units are in cm.
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